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The subject of this thesis is the compaction of asphalt 
concrete surface courses occurring under the action of normal 
traffic with special reference to the behaviour of the high 
stability materials commonly used in New Zealand. 
A survey is made of the relevant characteristics .of 
asphalt concrete and of the stresses and temperatures which exist 
in the surface course during trafficking. 
A modestly-sized full-scale pavement testing track was 
designed and constructed. The track had a concrete base and 
provided control of load, traffic distribution and temperature 
but not vehicle speed. Two parallel highway studies were 
conducted. 
The rate of compaction was generally rapid initially 
decreasing to zero at what is defined as a "stable state". The 
magnitude of the· stable state for a given mix was found to 
depend on load and temperature and the relative effects of these 
were evaluated in terms of tyre contact pressure and viscosity. 
None of the properties tested proved to be an absolute indicator 
of stable state. Binder viscosity and film thickness were found 
to be predominant factors., layer thickness and maximum aggregate 
size had an interrelated but secondary role and construction density 
had a significant effect for light traffic conditions which diminished 
as the contact pressure and temperature were raised. 
Measurements of transient strain profiles were made using 
induction coil gauges. Typical profiles were obtained and a marked 
increase in dynamic stiffness was observed for a decrease in layer 
thickness. 
A mechanism of compaction is postulated which emphasises the 
role of particle orientation. 
Present specifications are generally supported by the 
evidence but a number of particular comments are made. 
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FOREWORD 
This thesis is published in two volumes. Volume I 
contains the thesis and references and is essentially self-
contained. Volume II contains the Appendices which include 
supporting information and detailed results. 
vi 
Units of quantity throughout this thesis are p~esented 
according to SI metric standards. Where quoted work was 
originally in Imperial or other units, the original values and 
uriits are included in parentheses. 
Superscripts in the text denote quoted references and 
these are listed at the end of Volume I. 
Where they might be confused with a quotation, comments 
by the author on quoted references are denoted by •~( ) • 
The term "air voids unit" (a.v.u.) is defined as 1% air 
void content by volume and this avoids misunderstanding when 
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TRAFFIC ON ASPHALT PAVEMENTS 
- GENERAL CONSIDERATIONS 
The phenomenon of traffic compaction is introduced. 
Fundamental aspects of compaction and some previous studies 
of the phenomenon are described. 
1 
2 
1.1 pOMPACTION OF ASPHALT CONCRETE SURFACE COURSES 
1.1.1 Introduction 
The design, construction and performance of the asphalt concrete 
surface course of a bituminous pavement has received a lot of attention· 
in overseas research for many years. Most New Zealand practice is 
based on this overseas knowledge and a dense-graded asphalt concrete 
is used with moderate confidence throughout the country. There is 
however, some uncertainty and this is grounded in the question: "How 
many of the factors implicit in this practice are directly applicable 
in New Zealand?". One important factor is the amount of densification 
expected to occur under the action of traffic in the first few years of 
life of the surface course. This factor is the subject of this study 
because the mixtures used and the conditions existing here differ in 
some important aspects to those pertaining overseas. 
1.1.2 Compaction in Two Stages 
The compaction of the surface course occurs in two stages. The 
first stage is during construction and probably a1' mt 95 to 97 percent 
of the final density is achieved at this stage. The mix is laid at a 
temperature of approximately 150°c usually by a paving machine which 
screeds and tamps the mix into a uniform mat. Then, while the layer 
is still at temperatures above 8o0 c, it is thoroughly compacted by 
rollers, usually including both the steel-wheel and pneumatic-tyred 
types. The second stage of compaction occurs under normal traffic. 
Although the tyre pressures and loads may be of the same order during 
this stage, the pavement temperatures are much lower. During the day, 
maximum pavement temperatures seldom reach 6o0 c and generally fall 
between 25°c and 40°c, and at night they are usually in the range 
5°c - 20°c. Hence the rate of densification is slow and as the density 
increases the mix becomes stronger and offers more resistance to 
compaction so that the rate decreases gradually to zero. This state 
many have termed "ultimate density". Since this densifying process 
takes from two to six years, exposure to the atmosphere during this 
period may have so hardened the asphalt binder, and thus increased its 
resistance to compaction, that it never attains the laboratory prediction 
of ultimate density ("laboratory compacted density"). 
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1.1.2 (cont.) 
When the mixture is at its ultimate density there should be 
preferably some air voids still contained in the mixture. This 
content of air voids, expressed as a percentage by volume, should 
preferably fall within two limits, usually 3% and;5%, according to 
most design codes. This widely accepted philosophy is described, 
for example, by McLeod in the Asphalt Institute 1s Mix Design booklet1 
as follows: 
"When the air voids are too low (approaching 
one per cent or less) the pavement is likely to flush 
or bleed. Since the error in the air voids determination 
may be about one per cent due to the limits of precision 
of currently available test methods, the minimum air voids 
value specified for paving mixture design should be three 
per cent, to provide some margin of safety against pavement 
flushing or bleeding. The maximum air voids value permitted 
for the design of dense graded paving mixtures should be five 
per cent. When the air voids value exceeds five per cent, 
water and air can enter the pavement too easily and cause 
damage." 
In a later publication, McLeod2 recommended that the rolling of paving 
mixtures during construction should attempt to reach 100 per cent of 
the laboratory compacted density in order to derive immediate benefit 
of design strength and to achieve greater protection against premature 
binder hardening. 
1. 2 SOME STUDIES OF THE PROBLEM 
1.2.1 Fundamentals of Compaction 
The fundamentals of the compaction process as described by 
Nevitt 3 are summarised before presenting some overseas studies of the 
problem and outlining an approach for this present project. 
Compaction is not merely a densification process bringing 
particles together and resulting in a higher unit weight. There are 
many variables involved with a complex interrelationship between them. 
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1.2.1 (cont.) 
Basically however, it is an energy-consuming process in which variable 
forces act against variable resistances to give a distinctive result. 
There are three basic types of compaction: construction 
compaction, traffic compaction (or 11 consolidation11 by Nevitt 1 s 
definition), and laboratory compaction (which is intended to simulate 
either of the first two types). 
The forces involved in compaction vary in intensity, duration, 
continuity, and in rate of application. The direction of the forces 
may be either vertical or horizontal or both, and in the laboratory 
situation, the sample may be confined or unconfined. These forces are 
met by an internal arch resistance or interlock, frictional resistance, 
viscous or flow resistance and inertia effects. The magnitudes and 
relative proportions of these factors vary in different mixes and thus 
affect the result of the applied compacting force. 
The structure of a mix must be distinguished from its density. 
Different methods of compacting a mix will produce different inter-
particle structures within the mix. Even when the same density is 
achieved by different compaction methods the str~~ture and hence the 
behaviour of the mix will be different in each case. Too often in 
the past too much importance has been placed on density with little or 
no regard to structure. The difference in structural behaviour is 
accentuated by a higher degree of compaction. Compaction by traffic 
may produce a slight increase in density but produce a large increase 
in the stability of the mix. The primary reason for this difference 
in behaviour is the result of particle orientation effects. The 
compaction process initially squeezes the particles together with only 
a minor relative relocation. Increased compactive effort can move the 
particles into new positions and change their relative orientation if 
the forces are in the right directions and there is sufficient compactive 
energy. Such a reorientation will greatly increase the structural 
strength or stability of the mix. It appears that vehicular traffic 
is capable of this kind of compactive effort. 
Nevitt discusses four common and basic types of compaction 
process in these terms: 
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1.2.1 (cont.) 
(a) Rolling compaction: consists of repetitive 
low intensity forces, without impact, but with altel'-
nating horizontal forces resulting in considerable 
particle reorientation and excellent compaction. The 
rate of densification depends on aggregate size (inertia) 
and dynamic viscous resistance. 
(b) Direct compression: requires a high intensity 
of force (which sometimes causes severe aggregate 
degradation) and provides negligible particle reorienta-
tion. It is generally only effective in a very cohesive 
mix with little interlocking effect and where flow is 
predominant. 
(c) Impact: causes high stress intensities and 
possibly some degradation and meets high inertia and flow 
resistances. There are some lateral stresses which help 
to reorientate particles. Correlation with traffic 
action is good at low densities but poor at high densities. 
(d) Vibration: gives an excellent reorientation of 
particles even though it is dissimilar to traffic action. 
It is probably unsuitable for high viscosity materials where 
the dynamic flow resistance is high. 
*(Author 1s comment: a high frequency, producing high strain 
rates, might cause some work-hardening of the binder and 
consequently increase the viscosity.) 
Nevitt concludes by saying that any design procedure must be 
, 
based on a test simulating the stresses of road compaction conditions 
rather than on arbitrarily varying the criteria of one standard 
empirical test. 
Bearing these remarks in mind, let us now consider some studies 
of traffic compaction. 
1.2.2 Some Studies of the Problem 
The phenomenon of traffic compaction has been studied in 
numerous projects, but a small selection of these will indicate the 
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1.2.2 (cont.) 
general tenor of the findings. 
(a) Nebraska, U.S.A. 
Campen et al4 in Nebraska, U.S.A., studied the effect of five 
years 1 traffic on three basic mixes with 19, 16 and 13 mm(¾, i and 
½ inch) maximum aggregate size respectively. They recorded five-
year field densities of the order of the 50-blow Marshall density 
and noted that this could be rapidly achieved in a few months of hot 
weather. The initial density did not appear to affect the final 
density since two pavements initially at 95 and 98 per cent laboratory 
compacted density both reached 99-100% laboratory compacted density. 
They also warn that high laboratory densities are not always achieved 
under intense traffic, citing the case of a pavement which was only at 
a relative density of 96.6% after three years of heavy traffic 
(17,000 v.p.d.). • ~(That was a 19 mm mix with low asphalt content). 
(b) Louisiana, U.S.A. 
Shah5 in Louisiana, U.S.A., published the results of a survey 
of 61 test sections after three years of traffic. The main purpose 
of the project was to determine optimum construction methods, but 
leaving that aspect aside, some conclusions were also reached on 
traffic compaction. He observed that most of the increase in 
compaction occurs in the first six months of trafficking, and that 
most of the sections attained 100% of the 75-blow Marshall density. 
He also observed that strips which had had high intensity compaction 
during -co_nstruction suffered the least magnitude of deformity in 
rutting. It should be added, however, that the tr.end of his density 
versus time results showed some perturbing reversals as well as some 
features incompatible with other findings. 
(c) New York State, U.S.A. 
A study was made in New York State in the period 1962 to 1967. 
Graham et al6 presented interim findings after two years, and 
Palmer and Thomas7 reported on the findings after five years. 
Graham et al in .the first paper attempted to assess the relative 
influence of various factors on the density of the pavement ih its early 
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1.2.2 (cont.) 
life (see subsection 2.1.5). They also analysed data on pavement 
density variability and concluded that: 
11 (1) density does not vary significantly in the 
longitudinal direction, (2) initial pavement 
density varies significantly across the lane, 
being greatest in the centre and least .Lear the 
edge, (3) traffic increases pavement density 
and decreases variation, (4) initially 29 per 
cent of the pavement areas had a density of less 
than 95 per cent Marshall@ After one year of 
traffic this was reduced to eight per cent and 
after two years to four per cent, (5) after two 
years• service, the pavements are smooth-riding 
with no observable surface defects." 
The paper by Palmer and Thomas examines the traffic compaction 
and also gives a survey of literature. From the curves of relative 
density versus time they observe that about half the density increase 
in five years had occurred by the end of the first year, but after 
five years the densifying trend was still continuing. After five 
years, the average density increase in the wheel paths was 3.5 per 
cent and 2.5 per cent between the wheel paths but most of the 47 
strips were still below the 50-blow Marshall density taken at the 
plant. Furthermore, in the range of low to medium traffic volumes, 
there seemed to be no specific correlation between either traffic 
volumes or vehicle loads and the increase in density; a rather 
surprising result. However, on a "Thruway" test section which was 
heavily trafficked there was a much greater increase in density. 
Even there however, the increase seemed to be independent of vehicle 
loads. The findings generally agree that low initial densities 
preclude the attainment of laboratory density under traffic, but the 
authors also suggest that the upper limit of five per cent air voids 
may be unduly restrictive because the low-density pavements did not 
exhibit excessive deformations. 
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1.2.2 (cont.) 
(d) Texas, U.S.A. 
Epps et a18 studied fifteen sites in Texas. Each was paved 
with a different mix and each one was compacted in three subsections 
with low, average and high compactive efforts. Six sets of measure-
ments were made over a period of two years. Initially, air voids 
contents ranged between 5% and 25% over the fifteen sites, but after 
two years of traffic all mixes had densified so that the final air 
voids contents ranged between 2% and 5%. The subsections of each 
strip, initially compacted to different densities, densified to 
virtually the same final density so they concluded that the effects 
of initial density were slight. Final differences between the 
subsections of a strip were of the order of 2 to 3 air void units 
(a.v.u.) • t. Strangely however the increase in density between the 
wheel paths was very close to the increase in the wheel paths in 
many cases, within one or two a.v.u. That this might be due to 
thermal cycling was discounted by the observation of insignificant 
density change during untrafficked periods. Some decreases of 
density were noted of the order of one per cent uetween one and 
four months, and some areas between the wheel paths were denser than 
in the wheel paths. Some influence of traffic volume was noted but 
these results were scattered probably because the data was not treated 
in depth. Details ·of mix design were included in a separate publication 
which was not to hand and hence the author cannot relate these results 
to design densities nor to his own research. 
(e) Conclusions 
One of the most striking differences between these four 
studies is the "ultimate" density which is attained. The Louisiana 
densities are all of the order of the 75-blow Marshall density, but 
in Nebraska and New York the densities are only of the order of the 
50-blow Marshall density or less. On the simple assumption that other 
factors are constant, which they are not, an obvious suggestion for 
this difference is that temperatures in Louisiana are higher than those 
in Nebraska and New York. These results will be discussed in 
retrospect in the final chapter and explanations will be offered for 
some of the surprising deviations. 
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1.2.2 (cont.) 
This picture then emerges of the compaction occurring under 
traffic. The pavement densifies rapidly at first, but then at a 
diminishing rate until it attains an "ultimate" density which may or 
may not be that predicted by a laboratory compaction test. The 
ultimate density achieved may depend on the composition of the mix, 
the thermal environment, and the volume and loads of traffic. The 
pavement densifies most rapidly in the wheel paths but there is some 
evidence to suggest that a significant increase in density may occur 
between the wheel paths. 
1,3 APPROACH TO THE PROBLEM 
Now that the problem has gained perspective it is necessary 
to outline an approach to the problem so that some of the details 
can be determined. 
First and foremost it is necessary to understand the behaviour 
of the material being used and so this is studied in Chapter Two 
along with the influence that.the various components of the mixture 
have on its overall behaviour. Following this j_t is necessary to 
examine the physical context of the surface course in the pavement 
system so that the nature of both the imposed and the resisting 
stresses are understood along with any environmental effects that may 
be relevant, such as temperature. This is done in Chapter Three. 
It is only then with this background knowledge that a choice 
of testing mode can be made and physical tests performed to assess 
some of the parameters involved. 
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CHAPTER TWO 
THE MATERIAL BEHAVIOUR OF ASPHALT CONCRETE 
The influence of various components on the properties 
of asphalt concrete is discussed. The rheological properties 
are studied to elucidate the important factors in its response 
to traffic and this involves the discussion of a number of 
theories and the laboratory evidence supporting them. Finally, 
one empirical test, the Marshall test, is assessed in this 
context. 




The growing use of asphalt concrete as a strong paving 
material in the 193Os and 194Os caused most research to be 
directed towards assessing the influence of mix design on its 
properties, These properties were determined by various 
empirical tests which in themselves had limited value, but which 
acted as measures against which the.influence of each component 
could be assessed. More recent trends have been towards 
determining the absolute properties of a mixture that are necessary 
for confident design and evaluation, 
2. 1.2 Binder 
The function of the binder is to bond the mix together and 
in this the principal factors are film thickness and viscosity. 
The film thickness of the binder for a given aggregate matrix is 
determined by the binder content and should fall between two limits, 
Too thin a film lacks both durability and tensile strength9, 1O, 11 • 
Also the film thickness must be great enough to develop sufficient 
surface tensio~ because this determines the cohesion of the mix12, 13 • 
However the film thickness should not be too great otherwise the 
intergranular load transfer and hence the strength of the mixture 
will be reduced14• 
Viscosity, the second principal factor, significantly affects 
the stability of the mixture. Together with the surface tension 
determined by the film thickness it influences the cohesion of the 
mixture. For a given type and gradation of aggregate and a given 
asphalt content, the mixture strength is solely determined by the 
absolute asphalt viscosity. This was shown by Welborn15 who found 
that such mixtures had equal strengths when t~~ted at equal absolute 
viscosities regardless of the source and grade of the asphalt. 
Binder viscosity also has a major role during the mixing and 
compacting processes in determining the eventual properties of the 
mixture. During mixing the viscosity must be low enough so that the 
asphalt will envelope aggregate particles on contact resulting in an 
12 
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intimate coating and a uniform dispersion of materials. However 
if the viscosity is too low the asphalt will act as a lubricant 
instead of coating the particles. If the temperature associated 
with the viscosity is too high, the loss of volatiles will cause 
hardening of the binder16 • In the compaction process, the binder 
viscosity must be low enough to permit adjustment and relocation of 
aggregate particles within the mix structure and yet it must be high 
enough to provide stability so that the mix will not deform excessively 
d 1 . . 2 an ose its structure. 
Clearly, the film thickness and viscosity of the binder are 
major factors in the compaction of bituminous mixtures by both 
construction rollers and vehicular traffic. 
2.1.3 Aggregate 
The effects of aggregate size,. shape and surface texture on 
the properties of bituminous mixtures have received a great deal of 
attention this century but the findings are not always consistent17 . 
The more important and widely supported conclusir"•ns are summarised 
here. 
(a) Gradation 
An aggregate gradation may be classified in one of three 
categories: dense, open or uniform (i.e. one-sized). A dense 
grading generally gives the highest stability although it is widely 
accepted that satisfactory pavement stability can be achieved from a 
'd f d . lS,l9, 2o Th' . . 1 b wi e range o aggregate gra ations • is is main y ecause 
internal friction is the major property contributing to stability 
and it is largely independent of the contact area between particles20 • 
This is not saying that all gradations give satisfactory stability 
because stability seems to be unpredictably affected by some changes 
in grading21 • A dense-graded aggregate with its fairly uniform stress 
distribution is generally most satisfactory, especially from the 
viewpoint of degradatiori22, but a maximum-density gradation is not 
necessarily desirable19 • An open gradation has a higher flexibility23 • 
The relative effects of the coarse and fine fractions are largely 
24 dependent on aggregate shape and surface texture • However an 
increase in the finer than 0.075 mm fraction (No. 200 sieve) tends to 
13 
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increase stability and slightly increase flexibility. A slight 
excess, with respect to a maximum-density gradation, in the fine 
sand fraction improves workability but causes some reduction in 
stability25 • A dense gradation generally requires a higher binder 
h d . 26 content tan an open gra ation • 
(b) Size 
The maximum aggregate size has little effect on mixture 
strength although an increase in maximum aggregate size will increase 
the material density. An increase in size also reduces the optimum 
binder content because the surface area to volume ratio of the 
· 27 aggregate is decreased • The skid resistance of a surface with a 
few large asperities, as from a large maximum size, has a lower skid 
resistance than a sandpaper-textured surface although it has superior 
qualities when hydroplaning conditions prevai128 • 
(c) Shape 
The influence of aggregate shape is usually regarded in terms 
of natural, or uncrushed, and crushed aggregates. The use of 
crushed aggregate increases mixture strength alth0ugh the effect is 
least pronounced for dense-graded mixtures. In dense-graded 
mixtures the aggregate shape in the coarse fraction has little 
influence on stability but in the fine fraction the use of crushed 
aggregate causes a significant increase in stability29, 30, 31 • 
However, there is some contrary opinion and this last statement may 
depend on exact gradation and stone type 32 • Aggregate shape has 
negligible influence on Marshall flow32, 33 • Angular aggregates give 
skid resistance properties superior to those given by rounded 
28 aggregates • 
2.1.4 Air Voids and Structure 
One of the most popular yardsticks for the performance of 
asphalt concrete has been the air voids content. Mixture design 
has had the three-fold aim of providing sufficient stability, 
satisfactory deformability (e.g. Marshall "flow"), and a void content 
within 3 to 5 percent as mentioned in Chapter One. A high air void 
content drastically reduces stability and may precipitate premature 
hardening of the binder if the permeability is high (cf 3.4.3). 
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Permeability is a function more related to the size and inter-
connection of voids than the total void content. A low or zero 
void content provides no space for the binder to expand at higher 
temperatures and may cause "flushing" and excessive deformations. 
The structure of the compacted mix is not a conscious 
factor in the design but it is a major factor in the performance 
of the mixture. As mentioned in the fundamentals of compaction 
the most stable structure has the particles aligned in a roughly 
similar orientation perpendicular to the compacting stresses. 
It is the kneading action of pneumatic-tyred rollers that can cause 
this alignment and it is the similar stresses existing under vehicular 
pneumatic tyres than results in the phenomenon of traffic compaction34, 35• 
One striking demonstration of the effect of structure is the difference 
in behaviour between a laboratory-compacted Marshall block and a core 
cut from a pavement of the same mix at the same density (q.v. 2.3.2). 
2.1.5 Conclusions 
Mixture design plays a determinative role in the performance 
of bituminous mixtures. Binder content and type must be selected 
with respect to film thickness, to viscosity, to durability, to the 
air void content and to strength parameters. A densely graded 
aggregate with a high proportion of crushed stone especially in the 
fine fraction will give a high stability. The exact gradation is not 
critical for stability and hence can be varied to suit binder content, 
voids, workability and economy. The air void content and particle 
structure is strongly dependent on the magnitude and type of compaction. 
Graham et a16, op. cit. 1.2.2(c), performed a series of 
regression analyses on various factors affecting the initial air voids 
in the pavement. The factors are presented here in decreasing order 
as their observation of the relative importance of the factors discussed 
in this section: 11 (1) asphalt cement content, (2) pavement rebound 
deflection, (3) aggregate gradation, (4) asphalt cement viscosity, 
(5) intermediate roller passes, (6) breakdown roller passes, and 
(7) final roller passes". However the survey presented in 2. 1. 2 seems 
to indicate that asphalt viscosity should have higher ranking. It is 
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significant that all the mix design parameters are more important 
than the construction rolling parameters, except for the pavement 
rebound deflection which has an unexpectedly significant effect. 
This swmnary has been compiled with the ensuing study of 
traffic compaction in mind and is not to be construed as the formula 
for an ideal mix, an exercise that would involve the consideration 
of other factors such as flexibility and fatigue. 
2.2 THE RHJroI.OGICAL BEHAVIOUR OF ASPHALT CONCRETE 
2.2.1 Introduction 
The scientific study of materials has for many years idealised 
solids as being elastic and obeying certain laws, and fluids as being 
viscous and obeying a different set of laws. So it is not easy to 
characterise the mechanical behaviour of asphalt concrete which is a 
mixture of discrete solid particles in a viscous fluid. The fluid, 
asphalt, has a complex behaviour which is part elastic and part 
viscous although neither part obeys the laws of "ideal" behaviour. 
The following evaluation of the rheological behariour of asphalt 
concrete is necessary to the understanding of its response to traffic 
stresses. 
2.2.2 The Rheology of Bitumen 
In a Newtonian fluid viscosity is the constant ratio of shear 
stress to shear strain and most softer tars and bitumen come in this 
category. The harder bitumens, and this includes most commercial 
grades, are non-Newtonian and the rate of shear is not proportional to 
the shearing stress. At low temperatures and short loading durations 
the behaviour is elastic and at high temperatures and long loading 
durations it is mainly viscous12,36,37. 
Mack38 developed the concept of "relaxation time" in an elasto-
plastic theory. At the instant of load application both solids and 
liquids behave elastic.ally but within a small time interval ( the 
relaxation time, t) the molecules move to new positions. Here, the 
relaxation time is the ratio of viscosity (TJ) to the modulus of 
rigidity (G). 
t = T]/G 2(1) 
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This relaxation time is a measure of the time the plastic strain 
lags behind the elastic strain. This concept is still present in 
the "retardation time" of the more sophisticated linear viscoelastic 
theory which is the closest and most popular workable approximation 
to real behaviour to date (see section 2.2.6). Suffice to say that 
if the relaxation time is long, bitumen can exhibit brittleness 
'under short loading duration', and the corollary is true, that for 
short relaxation time and long loading duration considerable flow 
can occur. 
This brief sunnnary of the complex properties of bitumen serves 
as an introduction to the consideration of five theories on various 
aspects of the behaviour of asphalt concrete. They are included here 
because they each contribute in some way to an understanding of the 
response of this material to traffic action. 
2.2.3 Theory based on Triaxial Parameters 
One of the first rational design methods was produced by 
McLeod (1950) 39 based on the triaxial test parameters of cohesion 
and angle of internal friction. His concept of bearing capacity 
was a condition on plastic shear occurring along any possible shear 
surfaces, and the parameters involved are illustrated in Figure 2.l(a) 
and summarised in equation 2(2):-
where 
V = L. f(c,~) 
V = vertical applied stress 
L = developed lateral pressure 
c = cohesion 
~=angle of internal friction. 
2(2) 
Definite relationships and design curves for these parameters were 
established, but it was noted that the values of cohesion and internal 
friction which determine the viscous resistance varied with the rate 
of deformation. As the rate of deformation increased, the cohesion 
I 
increased markedly and the angle of internal friction decreased 
slightly. This resulted in the important observation that strain 







' BITWINOUS ', 
PAVEMENT ', 
BASE COURSE 
(a) Failure Condition 
UN IFORMLY APPLIED LOAD V 





I i: •7.7 P.S.I. 
~-24"00° 
f+g•0.2 
5 10 15 20 
THICKNESS OF BITUMINOUS PAVEMENT IN INCHES 




Figure 2.1 McLEOD'S THEORY BASED ON TRIAXIAL PARAMETERS 
(from McLeod 39 ) 
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studied . Hewitt and Slate (1967) 40 in a more recent evaluation 
of the strength characteristics for McLeod's rational design showed 
that the logarithm of cohesion and of pavement resistance varied 
directly with the logarithm of asphalt viscosity, while the angle of 
internal friction is independent of viscosity. They found that 
cohesion was a function of temperature and the type of asphalt, but 
that internal friction was independent of them. They also stated 
that the elastic modulus was a function of temperature, the type of 
asphalt and the lateral confinement. 
One aspect of McLeod's theory received prominent .attention in 
the p~esent study. He demonstrated the influence of boundary friction 
increasing the effective stability of a pavement element through 
increasing the developed lateral support by a component ~ 
(Figure 2.l(b)). Clearly the relative size of this component will 
be largely influenced by the thickness, t, of the pavement. In a 
thin pavement the component will be large so that an "unstable" mix 
might be sufficiently stable in a t hin layer. Thus the influence of 
pavement thickness on the developed stability of any given mix might 
be similar to that represented in Figure 2. l(c). At great thicknesses, 
boundary friction has a negligible effect and the developed stability 
is equal to the mixture stability. However at small thicknesses, the 
shear strength is supplemented by boundary friction resulting in a 
more highly developed stability. Superimposing an applied load versus 
required pavement thickness function, as in Figure 2.l(c), would 
illustrate the maximum pavement thickness at which the given mix would 
be suitably stable. This aspect therefore may have significant bearing 
on the behaviour of the surface course which has a finite and generally 
small thickness . 
2.2.4 Elasto- plastic Theory 
Shortly afterwards, Mack (1954) 38 described an elasto- plastic 
mechanism to explain the behaviour of bituminous mixtures taking into 
account the work- hardening which occurs in asphalt under load. His 
mechanism considers three components of strain shown in Figure 2.2(a) 
for a sheet asphalt under constant stress at constant temperature: 
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(ii) a retarded elastic strain which is a function of time 
(iii) a plastic strain whose rate decreases with time. · 
The unloading curve is similar but without the plastic strain: 
the non-recoverable plastic strain corresponds to the final defor-
mation. 
(a) Plastic Deformation 
When the plastic deformation is due to plastic flow the stress 
is a function of strain rate at constant temperature 
. 
cr = ( £ ) (T constant) 2(3) 
and the strain is a linear function of time at constant stress . 
€ = € (t) (o constant) 2(4) 
However for bituminous mixtures the strain rate decreases with time 
at constant stress and temperature and the material hardens. The 
amount of hardening obtained is the result of work done on the system 
and this can be either strain - or time-hardening. 
evidence shows it to be time-hardening, viz: 
. 
o = a (e, t) 
Experimental 
2(5) 
This explicit inclusion of time shows that the history of the mixture 
dictates its behaviour . For example, if loads of cr and 2 cr are 
applied consecutively each for a constant duration, the total strain 
is greater than if the loads are applied in the order 2 cr, cr , 
as shown in Figure 2.2(b) . The bearing capacity is also likely to be 
higher. 
The condition for failure is defined in terms of the coefficient 





If the stress on a mixture is gradually increased, the coefficient 
µ increases to a maximum, at which stage the mixture has had its 
maximum amount of hardening and acts as a solid body, Figure 2.2(c). 
Hence the important conclusion is made that the bearing strength of the 
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mix is not an inherent property but is acquired as a result of work 
done on the mixture. This conclusion implies, inter alia, that the 
mixture will fail before it reaches its maximum strength if it is 
tested at a constant rate of deformation or of strain, as in many of 
the empirical tests. This also happens if the mixture is tested at 
constant rate of stress although in this case the bearing capacity 
\ 
is nearer the maximum strength. Furthermore, the compressive strength 
increases with an increase in a constant rate of deformat ion or of 
loading. 
(b) Elastic Defor mation 
The elastic deformation has two components of instant aneous 
and retar ded elas t i c strain . The lat ter is an elastic defor mat ion 
super imposed on a pl asti c def ormation. The mechanism is similar 
to plastic deformation but it is rever si ble . 
(c) Kinetics and Particl e Orientat ion 
One interesting aspect of Mack's pap er is his consi deration 
of the kinetics of plastic deformation. He showed that, at failure , 
the shear and shear stress approach zero as a re~ult of the sli p 
planes rotating, and it follows that there must be an asso ci ated 
change in internal structure . In a compacted bituminous mixture 
there are a certain number of particles in an "ordered" state , and 
as these are unlikely to shift under imposed load they are in 
positions of minimum potential energy. The remainder of the particles 
are oriented at r andom i n a "disordered" s t ate and are in positions 
of greater potential energy . Fr om a formulation of the energies 
involved and cognisance of the stresses acting on an element such as 
a particle, it follows that, as plastic deformation proceeds and the 
coefficient of plastic traction increases as a result of wor k done on 
the system, the potential energy of the particles must tend to zero . 
In other words, more particles will assume an "ordered" state as a 
result of the work done on the system. 
This theory reinforces the qualitative assertions on particle 
orientation and "structure" mentioned in the sections on compaction 
(1 . 2 . 1) and mix design (2. 1. 4) . It seems highly likely that this 
"re-ordering" or "re- orientating" mechanism is an essential factor in 
the densification caused by traffic , and particularly in the attainment 
of a so termed "ultimate density" . 
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(d) Nijboer•s Plasticity Theory 
Nijboer (1954)41 described some mechanical properties in 
the context of his plasticity theory. He found that bituminous 
mixtures under a short duration of loading generally behaved 
elastically with full recovery. Under longer durations of load, 
behaviour was plastic and non- Newtonian. He isolates three 
components in the resistance of the mix to shear: 
(i) interparticle friction - a function of particle shape 
(ii) initial resistance - true particle interlock and the 
resistance of a thin film of asphalt 
(iii) viscous resistance - developed by the rate of shear 
which is a function of temperature, bitumen hardness, 
and the filler : bitumen r atio . 
2.2.5 Behaviour under Repetitional Loading 
In the same article Nijboer asserts that failure occurs at 
a higher strength under repeated loading at low stress than it does 
under repeated loading at high stress . 
Goetz, et al42 made a study using a slow cycle repetitive 
load on unconfined specimens allowing time for most of the retarded 
rebound to occur after unloading. They showed a linear deformation 
function against time during the constant stress pulse, contrary to 
the previous section, and on unloading there was some elastic 
recovery leaving some permanent plastic deformation, Figure 2 . 3(a) . 
The elastic deformation per cycle remained constant up to failure 
but the accumulated permanent deformation increased linearly with the 
logarithm of the number of load repetitions until failure, when the 
rate increased rapidly (ib. (b),(c),(d)). As the applied stress was 
decreased in magnitude, ib. (b); more load cycles were needed to cause 
this failure and failure occurred at smaller permanent deformations. 
Under each test condition they found a lower limit of applied stress 
below which failure could not occur. This "endurance limit", as they 
termed it, was at approximately 25% of the unconfined compressive 
strength. It was affected more by temperature than by strain rate 
and hence they concluded that the endurance limit and the elastic 
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these characteristics they postulated that the elastic deformation 
occurs in the asphalt film in a thin polymolecular layer firmly bonded 
to the aggregate particles. Permanent deformations were probably 
the result of the asphalt film being reduced in thickness in each 
cycle until a critical thickness was reached. At that point 
substantial adjustment and reorientation of particles must occur, 
they postulated, in order to sustain the load. This would give 
rise to excessive shear deformations and large permanent deformations, 
a situation which they defined as failure . There are some similarities 
to this reorientation behaviour in the previous section on Mack's 
mechanism. 
Goetz et al, op.cit., found similar behaviour in repeated load 
tests on confined specimens. The effect of lateral support had 
little effect at 4.4°c (40°F) but it increased the maximum compressive 
stress significantly at higher temperatures, 40-60°c (100-140°F) . 
With regard to thin specimens they found that the lateral support 
required was equal to or greater than the maximum unconfined compressive 
strength of the mixture. In other words, this ".s confirmation of 
McLeod 1s hypothesis on the high effective stability of thin layers 
(cf. 2.2.3). 
2.2.6 Linear Viscoelastic Theory 
(a) Introduction 
The most modern theoretical approach is the theory of linear 
viscoelasticity which has been under increasing study in the last 
decade. A viscoelastic .material is defined as one which exhibits 
both elastic and viscous characteristics, with stress related to 
strain by a function of time in the linear viscoelastic range; 
cr =e.f(t) . 2(8) 
Many viscoelastic materials exhibit nonlinear viscoelastic properties, 
but the theory of linear viscoelasticity is proving to be a very 
useful approximation for explaining the behaviour of bituminous 
mixtures. There is a disagreement amongst some investigators in this 
field on the superiority of this theory over the simpler analyses 
just discussed including a simple elastic analysis . However, it 
seems clear that an elastic analysis is only suitable when the conditions 
25 
2.2.6 (cont.) 
involve low temperature and short duration of loading. Beyond 
this, it is widely recognised that the rate of loading is a dominant 
factor in the behaviour of bituminous mixtures, and the linear 
viscoelasticity theory gives the best handling of it. Pagen43 
concluded that the theory gives a better approximation to real 
behaviour than elastic theory. 
(b) Viscoelastic l-k:,dels 
A number of models comprising linear springs and dashpots 
representing the elastic and viscous elements have been described44 . 
One of the most refined is the generalised Voigt model with an 
infinite number of such elements. 
(c) Concept of the Complex Modulus 
The concept of a complex modulus is based on the steady-
state dynamic response of a linear viscoelastic material to a 
sinusoidally applied stress (op.cit.). The response is a sinusoidal 
strain lagging the stress by a phase angle, ~ • The applied stress 
can be divided into two components, one in- phase and one 90° out- of-
phase with the strain. The real part(~) of the modulus is then 
derived from the in- phase component and the imaginary part (M2) from 
the out-of- phase component. The general form of the modulus is : 
2(9) 
where ~ is the complex modulus. 
The absolute value, l~I , may be obtained vectorially, and is the 
ratio of the amplitude of the applied stress to the amplitude of the 
strain. 
Various methods have been employed to find the complex elastic 
modulus, W. However, the work of Papazian45 and Pagen43 showed that 
the dynamic response could be predicted from static loading creep-strain 
tests by means of a time- temperature superposition principle . This 
was because the temperature reduction function f(T) and the master 
creep viscoelastic functions of E (t) 
C 
and T (t) 
C 
could be used to 
completely define the material at any time and temperature within the 
tested range. Furthermore, the number of tests required was reduced 
because the viscoelastic functions could be projected to shorter and 
longer loading durations and for more intermediate temperatures than 
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could be normally obtained experimentally . In this way the theory 
includes consideration of loading time. 
Yackovlev and Barenberg (1969)46 followed this method but 
found the prediction of 
e(O). Their work showed 
I El~I to be dependent on the initial strain, 
e (0) = 0 and hence increased 
linearly with loading frequency. Pagen 1s work however with 
e(O) > 0, when similarly treated, gave jEl~I as a constant above 
a certain minimum frequency. Because the real part of the complex 
modulus is in effect a measure of viscosity, their work implied a 
very low elastic response and a very high viscous response . If it is 
true that the response is mainly viscous, about which there is some 
doubt, then upper limits need to be placed on E'k. Otherwise absolute 
values l~I greater than the elastic modulus of the aggregate portion 
of the mix would be possible: an obvious impossibility ? 
(d) Non- linear Evidence 
The behaviour of bituminous mixtures does not always obey the 
linear viscoelastic laws. Huang47 found this when testing a sand-
asphalt mixture under direct and triaxial stressJs. Many others 
also have noted it, but at present linear viscoelasticity theory 
gives the best available simulation without too much complexity. 
(e) Conclusions 
These are some indications of the present problems and the 
state of the theory of linear viscoelasticity. It is the most 
powerful tool to date and provides the closest approximation to real 
behaviour available . The ability to characterise any mixture by 
only three .functions which determine its properties over a wide range 
has an immediate application in the field of evaluating mixture 
strengths43 • Its application to pavement thickness and layer design 
is only tentative at the moment but is receiving a great deal of 
attention at recent and proposed conferences . 
2.2.7 Conclusions on Rheological Behaviour 
Many models and theories have been employed to study the 
rheological behaviour of bituminous mixtures . They range from a 
simple elastic analysis (which becomes complicated enough in the analysis 
of a pavement system), . through elasto-plastic analysis , to viscoelastic 
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theory . This last theory, however, is still at a stage which 
would involve the entire concentration of a project to relate it 
to a study such as the phenomenon of traffic compaction rather 
than to be used as a comparatively quick theoretical evaluation of 
field tests. 
The typical response of a bituminous mixture to loads may 
now be summarised, considering a repeated constant stress pulse 
for limited duration and with adequate pauses : 
(i) An initial elastic strain will probably occur as soon 
as the load is applied. This probably occurs in a polymoecular 
layer firmly bonded to the aggregate particles. 
(ii) This will be followed by a part elastic, part viscous 
deformation at a rate decreasing with t ime . Probably this is t he 
result of flow in the binder films surrounding the aggregate and the 
decreasing rate is a function of time- hardening . 
(iii) Upon unloading, some deformation is immediately 
recovered, there is a retarded recovery, and the remainder non-
recoverable plastic strain is the permanent defrrmation. The 
permanent deformation is probably a result of excessive shear stresses 
around aggregate particles causing re-orientation. 
(iv) The amount ' of particle re- orientation is a function of 
the work done on the system. Formulation of the energies involved 
suggest that the particles should gradually attain an "ordered" state 
with each in a similar orientation. 
(v) The thickness of a pavement layer may have a significant 
effect because boundary friction might enhance the effective stability 
of a mix. 
(vi) Under repetitive loading, the elastic deformation will 
possibly remain constant while the permanent deformation increases 
linearly with the logarithm of repetitions until failure when it 
increases rapidly . 
(vii) At lower applied stresses, more load cycles are required 
to cause failure, and failure occurs at smaller permanent strains. 
(viii) The loading history of the mixture affects its behaviour 
and the maximum bearing capacity and permanent strain are obtained if 
the loads are applied in the order of increasing magnitude. 
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(ix) The bearing strength of a mixture is not an inherent 
property but is developed as a result of work done on the mixture. 
(x) The response will be largely elastic at low temperatures 
and short loading durations, and mainly viscous at high temperatures 
and long loading durations. 
2.3 EVALUATION OF THE MARSHALL LABORATORY TEST 
2.3.1 Introduction 
With the knowledge of the characteristics and behaviour of 
asphalt concrete now outlined it is possible to evaluate some of the 
empirical laboratory tests which are widely used and so determine what 
properties these tests actually measure. Only the Marshall test is 
discussed here since it was to be used in the experimental programme. 
The Marshall breaking test is an empirical test which has been 
related by study and experience to field performance. It is 
empirical because the compaction of the specimen is by impact rather 
than a kneading-type action skin to field rolling, it is a constant 
strain rate test, the sample is partially confi11ed by the breaking 
heads, and it provides only a one spot value giving no absolute 
indication of how the properties change with temperature, strain rate 
or stress rate. These limitations have stimulated a great deal of 
research into this test method (i) to determine how adequately it does 
predict pavement performance, (ii) to isolate the sources of variations, 
(iii) to determine its repeatability, and (iv) to evaluate the measured 
properties theoretically and experimentally and thus relate them to 
absolute properties of the mixture. 
2.3.2 Correlation with Field Performance 
Some early studies revealed conflicting evidence on the 
correlation between Marshall Test properties and pavement performance, 
although many of these studies did not consider all the important 
factors. For example, Dillard49 found a· very poor correlation 
between air voids in an in-service pavement and the air voids in the 
Marshall Test. However he did not appear to have considered the 
variations in mix design nor the relative traffic volumes nor the 
thermal conditions nor the initial construction conditions. There 
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are some reports of low stability mixes performing satisfactorily, 
h b ·1· . f . t ' f t ·1 50, 51 and some of hig sta 1 ity mixes per orming unsa is ac ori y • 
Sufficient criteria for satisfactory mix design were eventually 
derived empirically as the result of a wide range of investigations. 
As well as stability, these criteria included aggregate voids, 
mixture voids and 11 flown 52 • However the two values of stability 
and flow were given no specific interaction when being applied to a 
mixture. Such an interaction was proposed by Metcalfe53 who 
incorporated both stability and flow values in a term "Bear ing 
Capacity" by the approximate equation: 
Bearing Capacity = 1 55 stability • Flow 
where the units are: Bearing Capacity, 
Stability, N 
Flow, 0 . 1 mm 
(305 - Flow) 
( 100 ) 
kN/m2 
This showed a good correlation with field performance . I t 
2( 10) 
is noted in passing that the above equation is based on a number of 
assumptions that are not all applicable over a wide range of values. 
However it does incorporate some correlation with t r iaxial strength 
parameters and is thus a more realistic guide to performance than 
stability and flow values alone. 
It has been mentioned (cf. 2.1.4) that cores cut from the 
pavement have different properties from blocks compacted in the 
laboratory to the same density. Some writers3, 54 including the 
author (q.v. 6.2.2) have noted that core samples have considerably 
lower Marshall stabilities than the laboratory- compacted blocks . 
The author's hypothesis is that this is due to the difference in inter-
particle structure between the two types of specimen. In the core 
specimen the particles are likely to be significantly aligned in a 
position due to the kneading action of construction 
The author has quantitative evidence of this 
near horizontal 
rolling34, 35 • 
(q.v. 6.8). The stability of such an aligned structure will be high 
in the direction perpendicular to the direction of alignment but the 
stability will be low parallel to the direction of alignment. In 
other words the stability of the core is high in the axial direction 
as loaded by traffic action but it is low in the radial direction as 
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loaded in the Marshall breaking test. The impact compaction of 
the Marshall laboratory block however causes wedging between 
aggregate particles and little degree of alignment in any direction. 
Such an interlocking structure will clearly produce a higher 
stability when tested in the radial direction than the aligned 
structure of the field core. 
2.3.3 Repeatability and Sources of Variation 
For any test method it is necessary to know its repeatability 
and to understand any inherent sources of variation . Vokac55 made 
a thorough study of the repeatability of the Marshall test 
considering twenty sources of variation, fourteen of which were 
controlled and six varied to assess their significance. These wer e 
factors of equipment and time being studied and not factors of mix 
composition. He found that while a few factors such as the 
particular hammer used or the order in which the specimens were 
moulded and broken may be significant, the inherent variabili ty in 
the Marshall Test itself is low. He obtained a standard deviation 
of 6. 5% from the mean stability and emphasized that deviations 
greater than 8% were highly unlikely to be attributable to the test 
itself . Lehmann and Adam56 found that an experienced operator and 
use of standardised techniques was necessary to achieve a standard 
deviation of 7.3%. Temperature conditions for mixing, compacting and 
breaking were the paramount source of error. 
Some of the other sources of variation in stability were 
investigated by Nevitt57 . Compaction technique was shown to have a 
very significant effect with the Marshall impact compaction producing 
higher stability than vibration compaction to the -same density. The 
postulated cause of this was that the impact compaction caused wedging 
effects and possible aggregation degradation. This confirms the 
author's hypothesis mooted in the previous section. Kneading 
compaction was found to produce stabilities intermediate to impact 
and vibrating methods. The maximum aggregate size has a significant 
effect on specimen uniformity and in a small sample the size of a 
Marshall specimen the number of 19 mm particles in a 19 mm gradation 
will have a significant effect on the stability. 16 mm seems to be 
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the maximum particle size desirable for a 100 mm diameter Marshall 
specimen. The effect of specimen size and particle size will 
greatly effect the stress-strain relationships developed to resist 
deformation. End effects, arch action and a variation in shear 
resistance across the failure plane are also influenced by the 
particle : specimen size ratio. 
2.3.4 The Properties Measured 
With these assessments of the Marshall Te5t against 
performance, repeatability and sources of variation, let us now 
consider what absolute properties the test is actually measuring. 
Goetz and McLaughlin58, 59 experimentally compared the test with 
triaxial and unconfined compression tests. They concluded that i t 
is a type of confined test with the confinement arising from the 
curved shape of the testing heads. Metcalf53 theoretic-ally analysed 
the stresses in the Marshall Test as if it were unconfined and showed 
that the "stability" should be about ten times the unconfined 
compressive stress. However quoted stabilities are much higher than 
this and so he concluded that the test was of the "confined" type 
because the specimen has a low height to diameter ratio and the 
failure planes intersect the testing head. Estimating the degree 
of lateral confinement from Mohr theory in parameters of cohesion 
and internal friction, he then deduced a relationship for bearing 
capacity as a function of stability, flow and internal friction which 
then simplified to the relationship given earlier in equation 2(10) • 
. 60 61 From these and other studies ' it appears that the Marshall Te st 
is largely influenced by cohesion and that it is a partially confined 
test. 
Krokosky and Chen62 made an experimental viscoelastic analysis 
of the Marshall Test to evaluate what the test reveals about the 
viscoelastic mixture properties. They found that the stress-
relaxation curves at 43°c for various asphalt contents were parallel 
and separated only by a vertical factor which was a simple non- time-
dependent constant equal to the Marshall stability: flow ratio at oo0 c. 
This vertical separation is due to the stiffening action of the 
aggregate in the asphalt/aggregate mixture and the parallelism of the 
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curves indicates that the superior performance of high stability 
mixes is a result of their higher absolute modulus and not of a 
different relaxation function. The time/temperature superposition 
principle was proved to be valid, and the stability:flow ratio at 
6o0 c was said to be indicative of the stress-relaxation functions 
below 43°c because of the high rate of load application in the Marshall 
Test. They also showed, though not exhaustively, that the Marshall 
stress-relaxation data may be correlated with the true mixture stress-
relaxation functions by means of a correction or shape factor. 
2.3.5 Conclusion 
The Marshall Test may adequately predict the field performance 
of a mixture only if the aggregate voids, mixture voids, stability 
and flow are all considered. Marshall stability is not a direct 
measure of the stability of the mix in the field due to differences 
in interparticle structure. Basically, the test is repeatable to a 
high degree but it is sensitive to variations in technique, temperature 
and mixture. Other principal sources of variation include method of 
compaction and dimensional ratios of specimen to particle size. The 
test is a partially-confined type compression test on a specimen of 
low height:diameter ratio such that the failure planes intersect the 
testing heads. It is largely influenced by cohesion. For a 
particular aggregate gradation, the viscoelastic stress- relaxation 
functions below 43°c of the Marshall Test are parallel for different 
asphalt contents and are related by the simple vertical shift factor 
of the stability:flow ratio at 6o0 c. These functions may be 
related to the actual mixture functions by a shape factor. 
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CHAPTER THREE 
THE SURFACE COURSE IN THE PAVEMENT SYSTEM 
The interaction of vehicle and pavement is studied to 
determine the nature of traffic loading. The structural role 
of the surface course and the contribution of the remainder of 
the pavement system is analysed. Finally, environmental 
conditions such as temperature and oxidation are considered . 
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3.1 INTRODUCTION 
By virtue of being the uppermost layer in a pavement, the 
surface course comes into direct contact with vehicle tyres and 
the environment from above and gains most of its structural support 
from the underlying pavement layers. These three factors of 
imposed load, environmental conditions and structural contribution 
are the external influences on the behaviour of the surface course, 
as distinct from the influence of its material composition . 
The vehicle wheel load is transmitted to the pavement only 
over the contact area between tyre and pavement surface whence the 
pavement distributes it over a larger area to the subgrade . For 
the surface course, the size and shape •f the contact area and the 
distribution of str esses are expected to be more important than the 
magnitude of the load. 
The "flexibility" of the underlying pavement layer determines 
to a large extent the flexural stresses and strains which occur in 
the surface course. When a material as stiff as asphalt concrete 
is used, the surface course itself plays an important role in 
stiffening the pavement. 
The stiffness of asphalt concrete, in turn, is largely 
influenced by environmental conditions such as temperature, which 
affects the asphalt viscosity, and oxidation. Other factors to be 
considered include surface debris and moisture. 
3.2 LOADING CONDITIONS 
3.2.1 Factors 
The concentration of imposed loads at any location on the 
pavement surface will be determined by the lateral distribution of 
the placement of wheel loads. 
In the consideration of traffic causing compaction of the 
surface course, the author surmised that the vertical stresses would 
be more significant than the magnitude of the wheel load. Hence 
the size and shape of the contact area and the distribution of 
pressure over it are discussed. Horizontal stresses caused by 
vehicles accelerating or decelerating may be severe. 
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The influence of flexural compression, the surface course 
being the "upper fibre" of the pavement, might also contribute to 
compaction but it is considered in more detail in section 3.3. 
The action of rigid rollers is also considered since these are often 
used during construction of asphalt concrete pavements . 
3.2.2 Lateral Distribution of Wheel Loads 
The channelling of traffic on highways, and particularly 
laning, causes a high concentration of wheel loads on each side of 
the centreline and aptly termed "wheelpaths". The distribution 
of individual wheelpaths at ahy transverse section of the highway 
will deter mine the intensity and spread of the loading on the wheel-
path area. 
Taragin63 conducted a study in the United States limit ed 
mainly to commercial vehicles on the basis that these constituted 
the heavier more critical loads. The main import of his work is 
illustrated in Figure 3. 1 which shows the distribution of the 
lateral placement of vehicle centre- lines for laned divided highways. 
The average occurs 0.06 to 0.24 m (0.2 to 0.8 ft) from the lane 
centre- line towards the outer edge of the pavement although the mode 
generally occurs slightly on the other side of the centre- line. In 
low volumes of traffic the average tends to be further from the centre-
line at 0.12 to 0.24 m (0.4 to 0.8 ft). There was some dependence 
on whether the traffic was fre e-moving, me eting opposing traffic or 
travelling adjacent to a stream of traffic. However, the overall 
distribution shown in Figure 3.1 is a good general indication and the 
distribution for equal traffic volumes( : area under the curve) seems 
closer to a sinusoidal than to a normal distribution. The average 
width of a commercial vehicle is approximately 1.8 m so the average 
wheelpaths could be expected to be 0.9 m on either side of the· 
distri~ution 1s average. 
In New Zealand, Niven64 observed the wheelpaths to be centred 
0.9 m (3 ft) in from the centre- line and the edge for a two- lane 
highway. 
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3.2 .3 Tyre-Pavement Interaction 
A survey of existing literature shows a comprehensive state 
of knowledge of the tyre-pavement interaction. The nature of the 
interaction will depend on: (i) whether the load is transmitted by 
pneumatic tyre or by rigid roller, (ii) whether the surface is 
yielding or non- yielding, (iii) whether the load is stationary or 
moving. 
(a) Stationary Pneumatic Tyre on Unyielding Soil 
Interest in the topic dates back to th~ 1930 1s to Martin65 
and Teller and Buchanan66 who found that the pressure under a 
pneumatic tyre was about one third that under a solid tyre for the 
load. Ma th t d . h b d th" top1·c67 , 68, 69 • same ny o er s u ies ave een ma eon is 
Typical normal pressure di stributions are shown in Figure 
3.2(a) for the cases of underloading, normal loading and overloading. 
Large tyre deformation due to overloading (or under- inflation) 
results in peak stresses occurring near the periphery of the contact 
area where the flexural deformation of the tyre is greatest. With 
normal loading, the transverse normal pressure distribution is 
parabolic, and with underloading (or over inflation) the central peak 
sharpens. The longitudinal distribution remains relatively uniform 
with slight peaks at each end. 
The studies have shown that the pressure at the centre of the 
contact area generally exceeds the inflation pressure because of the 
load carried by the tyre carcass. As a generalisation, Freitag and 
Green68 made the following conclusions about the inter- relationship 
of load, inflation pressure and contact pressure. 
(i) The stress at the centre of the contact area is a 
function of inflation pressure and is independent 
of load. 
(ii) The maximum str~sses occurring at the periphery of 
the contact area are a function of load and 
independent of inflation pressure. 
Their results are illustrated in Figure 3.2(b), (c), for a conventional 
11.00-20, 12~PR smooth tyre. When the load is constant, the pressure 
at the centre of the contact area is consistently about 30% higher 
than the inflation pressure. However, the average contact pressure is 
I a) Typical transv • rs e dis tribution of normal pru,ure 
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higher than inflation pressure at 105 and 210 kN/m2 (15 and 30 psi) 
and lower at 415 kN/m2 (60 psi) inflation. The pressure under 
the sidewalls remains almost constant at about 620 kN/m2 (90 psi) 
for constant load but increases as the load increases. 
The load carried by the carcass of the tyre varies with 
tyre size and design and for a given tyre varies with deformation. 
The flexibility of the carcass depends on the number of plies and 
a stiffer tyre with more plies distributes its load less evenly, 
with peaks under the sidewalls , than does a more flexible tyre. 
The construction also affects the pressure distribution. For 
constant load and constant tyre deflection, a radial ply tyre has 
slightly higher contact pressure over a slightly smaller area than 
does a conventionally constructed tyre, op.cit. 
Most of the measurements so far described have been on tyres 
with the tread buffed off to give a smooth surface . The effect of 
the tread pattern is to increase the contact pressure by 15- 20% due 
to the reduction in contact area67 • Irregularities in the tread 
rubber created during moulding or due to wear can cause departures 
from the pressure distribution . However, with these adjustments, 
the pressure distribution under each section of the tread and the 
envelope of the curve as a whole are comparable to that under a smooth 
tyre. 
In addition to normal stresses, there are also horizontal shear 
stresses acting over the contact area69 • Under vertical load the 
tyre is flattened and its curved surface becomes plane. The flexing 
of the tyre carcass produces tension on the inner side and compression 
on the outer side of the carcass . This creates hori zontal shear 
stresses directed towards the centre of the contact area, larger near 
the centre and decreasing to zero at the periphery. By way of 
contrast, the shear stresses under a solid tyre are directed outwards. 
Because the road surface is relatively rigid, the strains produced in 
the pavement will be negligible but the strains produced in the tyre 
tread are severe thus creating large slip zones in the area of contact. 
According to Markwick and Starks67 , these shear stresses can be as 
high as 480 kN/m2 (70 psi) on dry roads and 280 kN/m2 (40 psi) on wet 
roads. 
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Very high local intensities of .normal pressure can occur on 
sharp asperities in the pavement surface. These intense pressures 
are a function of rubber hardness and the shape of the asperity. 
They are practically independent of tyre size and inflation pressure. 
They may also cause localised variations in compaction and might 
possibly influence local cracking in a pavement. 
(b) Moving Pneumatic Tyres on Unyielding Soils 
The effect of motion on the distribution of normal contact 
pressure and the contact area is slight. Bonse and Kmm70 showed 
that the longitudinal distribution of normal pressure is slightly 
increased at the leading edge by approximately 2 to 3% but there is 
no significant effect on the transverse distr"bution . The contact 
area tends to be slightly longer t han in the static case by up to 
8%71 • The horizontal shear stress distribution becomes unsymmetrical 
causing a net force equal to the rolling resistance. 
Bonse and Kuhn made a detailed study of the dynamic forces 
under vehicle tyres using a small stud embedded in the pavement and 
fitted with condensers and springs measuring in both hori zontal and 
vertical directions . Peak vertical forces are not significantly 
affected by speed at zero acceleration or indeed at low rates of 
· acceleration . However , in deceleration there is an increase in the 
vertical force under the rear wheel despite reduction in load on the 
rear axle due to the dynamic shift forward to the front axle. This 
is due to the distortion of the tyre arising from the high torque 
imposed on it . The longitudinal horizontal forces however are greatly 
affected by acceleration and the force is approximately proportional 
to the acceleration. At constant speed longitudinal forces are very 
small, equal to the rolling resistance, though at high speeds there 
is a small increase in peak horizontal force at the leading edge. 
Transverse forces are always directed toward the centre- line of the 
contact area with negligible changes due to speed or acceleration. 
Uncontrolled factors such as dynamic load variation arising 
from road surface irregularities and structural variability due to the 
non- uniformity of road materials can cause stress variations of up to 
% · h . 1 t· 72 + 35 int e same nomina construe ion • 
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Thus normal stresses and transverse horizontal stresses are 
hardly influenced by speed or acceleration but longitudinal 
horizontal stresses may be greatly influenced. 
( c) Pneumatic Tyres on Yielding Soils 
The tyre-pavement interaction in the case of yielding soils 
depends on whether or not the soil is cohesive. On a noncohesive 
soil such as sand the shape of the stress distribution is related to 
the magnitude of the maximum in- soil deflection of the moving tyr~, 
as measured at the centre- line of the tyre cross- section, and sharp 
peaks occur73 • However in a cohesive soil such as clay the inter-
face stresses are more evenly distributed and the peak stresses 
slightly less . 
When the wheel is powered the stresses in the 11 bow wave 11 are 
greater and the centroid of vertical stresses is further forward . 
A towed wheel tends to produce more pronounced peaks than a powered 
wheel in similar conditions. 
(d) Rigid Roller on Yielding Soil 
Yandell74, in n~del studies using clay and also in a 
mathematical simulation, demonstrated the residual stresses occurring 
in an elastoplastic soil under repeated passes by a rigid roller. 
This situation may be related to the compaction of hot asphalt concrete. 
For similar loads, the roller induces more intense stresses, especially 
forward of the load, than does the pneumatic tyre. The maximum 
residual horizontal stress builds up near the surface under a rigid 
roller while under a pneumatic tyre it occurs well below the surface 
leaving the surface relatively undisturbed. Hence, permanent 
horizontal deflections are greater at the surface under a rigid roller 
thus illustrating the forward permanent shear which occurs in yielding 
soils. It is interesting that the rigid roller has more resistance 
to rolling than the pneumatic tyre. Vertical residual stresses 
(2 kN/ m2) and deformations are very small and do not differ significantly 
between roller and tyre. 
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3.3 STRUCTURAL ROLE OF THE SURFACE COURSE 
3.3.1 Introduction 
Having examined the nature of the vehicular loading on the 
surface course it now becomes necessary to study the .role of the 
surface course as the uppermost layer in the pavement and the 
restraints placed upon it by the underlying pavement structure. The 
understanding required for this study is twofold. Firstly, what is 
the relative effect on the surface course of the flexibility of the 
base layers? (This question becomes particularly pertinent later 
in the design of a testing track) . Secondly, what is the stress and 
strain behaviour of the surface course under the influence of a 
moving wheel load? 
3.3.2 Elastic Analysis of the Effect of Foundation flexibility 
Assessing the effect of base flexibility on t he behaviour of 
a surface course is a complex problem. Some observational studies 
such as those in Chapter One have touched on it empirically; for 
example, Graham et al6 who ranked foundation flexibility as second 
in importance only to asphalt content. The most practicable 
theoretical analysis at the moment for this problem is the three-
layer elastic analysis developed by Jones et al from Burmister 1s 
original work and available in the form of a computer program 
produced by the Shell Co. Ltd76 • The program enables stresses, 
strains and deflections to be computed at any point in a layered 
system subjected to any number of surface loads. It is used here 
to compare the effects of a "rigid" concrete base and a "flexible" 
granular base on the behaviour of an asphalt concrete surface course. 
The choice of material properties is difficult but in this case the 
properties were chosen. to be sufficiently representative and give an 
adequate contrast between the two situations . 
and the conditions are shown in Figure 3. 3. 
compared with those by Lister and Jones77 and 
The material properties 
This analysis may be 
Heukelom and Klomp78 • 
The stress analyses for each situation are shown in Figure 3.4. 
0 The vertical stress is modified only very slightly : at 25 C the 
"flexible" situation has a stress only 1.4% less than the "rigid" 
situation at the bottom of the surface course and less than 0 .5% 
different at mid- depth. The differences are even smaller at 40°c. 
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3.3 .2 (cont.) 
The horizontal stresses, cr and a are up to 50% greater in xx yy 
the "flexible" situation although the difference decreases with 
depth to near zero, and decreases greatly with an increase in 
temperature. The horizontal shear stresses are negligible . 
However, the effects on strain shown in Figure 3.5 are more 
significant. The effect on vertical strain is very small at 25°c 
and is still small for the much higher strain at 40°c, 10% less in 
the "flexible" situation at the ·surface and 0% at the bottom of 
the surface course. But the horizontal strains are about 150% 
higher at the surface and 25°c for the "flexible" than for the 
"rigid" situation. At 40°c the difference is still greater and 
the horizontal strain profiles are different shapes . This 
particular part of the analysis is extremely sensitive to the value 
of Poisson's ratio (if v = 0.35,the surface and mid- depth strains 
for the "rigid" situation become tensile). In other words , this 
analysis indicates that a "squeezing" action, and possibly instability, 
might occur in the "rigid" situation if the Poisson's ratio increases 
much with temperature. Later tests did not indicate such instability 
and the author has thus used v = 0.30. 
In summary, it appears that the vertical stresses are only 
slightly lower with a flexible rather than a rigid base but in the 
horizontal plane the behaviour is considerably affected. While the 
magnitude of the stresses and strains at high temperatures in the 
ho_ri zontal plane are much smaller than tho se in the vertical plane, 
at lower temperatures the magnitudes are comparable. 
3.3 . 3 Dynamic Behaviour of Bituminous Surface Courses 
Some investigators have recently been attempting to measure 
the strain response of a bituminous surface course to an applied 
load in order to assess the accuracy of theoretical predictions . 
Andersson79 at Stockholm found that the typical compressive 
strain profile under a moving wheel load had .an initial rate of 
compression of the order of 300% per second beginning at the leading 
edge of the tyre/pavement contact area. This compression levelled 
off to a peak under the trailing edge of the tyre contact area, 
followed by a period of sudden recovery decreasing gradually in rate 
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3.3 .3 (cont . ) 
to near zero compression. He found that an increase in vehicle 
speed linearly increases the initial rate of vertical compression 
but decreased the peak vertical compressive strain to a level 
which was approximately constant at speeds above 30 lan/h. The 
latter observation is qualitatively confirmed by IUomp and 
Niesmann80 and Gusfeldt and Dempwolff81 who measured hori zontal 
strains at layer interfaces. 
Andersson also found that the wheel load had negligible 
effect on the initial rate of compression but that increasing the 
wheel load from Oto 20 kN (2000 kg) caused a slight increase in 
peak compressive strain (from 10 to 15 microns deflection) and a 
slight increase in contadt time (from 18 to 26 milliseconds). 
From these relat'onships, he demonstrated a more marked dependence 
of peak compression on contact time. Gusfeldt and Dempwolff in 
their study found that horizontal strain increased with increased 
load and that the loading period for the transverse gauge was about 
three times the period for the longitudinal gauge. 
The rate of compression "recovery" also increased with wheel 
speed according to Andersson. Some comparative laboratory studies 
showed that this was due to the inherent rheological properties of 
the binder rather than the dynamic components of deformation. 
A number of .other investigators have used circular plate 
loading for laboratory studies82, 83. 
3.4 ENVIRONMENTAL CONDITIONS 
3.4.l Factors 
Environmental conditions play a significant role in influencing 
the material properties particularly of the surface course and to a 
lesser extent the other pavement layers . Most important for an 
asphalt pavement is temperature because this controls the asphalt 
viscosity and hence the stress- deformation properties. Oxidation of 
the asphalt binder is important because it increases the binder 
viscosity. The general topic of ageing includes fatigue considerations 
as well. Moisture is a secondary consideration for asphalt pavements 
although it may have significant influence on any underlying granular 
3.4.1 (cont. ) 
layers. Dust or oil lying on the surface of an asphalt surface 
course may affect the material properties of the surface skin but 
this is unlikely to be significant unless the deposits are excessive 
or the asphalt mixture is open graded. 
3.4.2 Pavement Temperature 
Because the pavement temperature is such an important 
variable for asphalt pavements, it is necessary both to know the 
conditions pertaining in the field and to maintain close control of 
them during research. The road surface temperature is influenced 
by solar radiation, free and forced convection and conduction. 
Solar radiation is a function of sunniness, heat and reflectiveness 
of the environment and it is very low at night. Convection is a 
function of the relative air and pavement temperatures, the nature 
of the surface and wind. Conduction effects are mainly a function 
of the more stable subgrade temperatures. Cf. Appendix II fo r a 
·theoretical treatment of these in connection with the Pavement 
Testing Track design. 
Dunstan84 made a survey of temperatures in a bituminous 
pavement near Melbourne which has a similar latitude (37°40 1s) to 
that of Auckland (36°50 1s) . Some of his results are reproduced 
here in Figure 3.6. A maximum peak surface temperature of 64.3°c 
was recorded one day although it exceeded 6o0 c for only 3% of two 
months in the summer season, i.e. for 0.5% of the year. The 
percentages quoted are calculated from the time spent in the 
particular temperature range as a percentage of total time and thus 
3% of 2 months is equivalent to 33 hours duration over the 2 month 
period. He also quotes maximum peak surface temperatures of 61°c 
for Maryland, U.S.A. and 54°c for Durban, South Africa. Summarising 
his conclusions: 
(i) Most of the time the surface was colder than the 
bottom of the surface course, for a 100 mm thickness . 
(ii) Temperatures at a depth of 100 mm appear to be 
independent of base type. 
(iii) Maximum temperatures suggested for design use in 
Melbourne were 6o0 c for 0-4 mm depth and 50°c for 
40-100 mm depth . 
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3.4.2 (cont. ) 
(iv) The maximum rate of temperature change occurs at the 
surface and was measured at 8 c0 / hour . 
(v) The maximum temperature gradient under maximum surface 
temperature conditi~ns was approximately 0.2 c0 /mm for 
0-50 mm depth, 0.16 c0 / mm for 50-100 mm depth and 
approximately 0.05 c0 / mm for depths below 100 mm . 
(vi) A minimum temperature of +5°c seems realistic for design. 
Kallas85 described a year's study of temperatures in 150 and 
300 mm thick bituminous pavements in Maryland, U.S.A. The variation 
of temperature with depth on the hottest day and the duration of 
temperature at various levels over one year are shown in Figure 3.7. 
Surface course temperatures exceeding 50°c in the top 100 mm occurred 
during less than 3% of the year and rarely topped 6o0 c - a less 
critical condition than in Melbourne . Galloway86 shows that the 
surface course temperature at 40 mm depth in England exceeds 40°c for 
only 1.6% of the year . 
Higher temperatures however are frequently recorded in more 
tropical areas. Arena87 recorded high tempera~ures in southern 
Louisiana. There the surface course temperature at 10 mm depth 
exceeded 50°c for the equivalent of 12% of the year, exceeded 6o0 c 
for 6% of May through August (2% of the year), and exceeded 65°c for 
17% of the time in July, 1962. At the same time the maximum monthly 
k d h f 50 55°c. Rb t d R 88 pea at a ept o mm was o er s an ussam quote 
maximum surface temperatures for bituminous pavements of 61°c in 
Hong Kong, 42°c in Durban, 40°c in London, 49°c in New Delhi, and 56°c 
in Kenya. .Diurnal temperature variations can be as high as 56°c in 
Nigeria, 52°c in Kenya, 50°c in Cape Town, 41°c in Ontario and 38°c 
in England . 
Little comprehensive work has been done in New Zealand . 
Pollard89 measured 54°c on an old chipseal surface in Christchurch, 
Niven64 measured 47°c at 40 mm depth in asphalt concrete at a site 
near Christchurch, and McNamara90 measured 37°c surface temperature 
of asphalt concrete on an exposed elevated site in Auckland. The 
author during the course of his research in Christchurch has 
observed asphalt concrete surface temperatures exceeding 6o0 c on only 
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hottest day for which a record was obtained are shown in Figure 3.8. 
The maximum ambient temperature that day was 28°c which is 6 c0 
below the maximum summer temperature. Hence the maximum surface 
temperature is probably approximately 64°c in sheltered reflective 
conditions or 6o0 c in normal conditions. The incidence of high 
pavement temperatures is likely to be greater in the north of 
New Zealand due to warmer average temperatures but it is unlikely 
that maximum surface temperatures will be any higher . 
There are numerous other reports on pavement temperatures 
but the foregoing results give a reasonable picture. The crux of 
the problem now lies largely in the realm of the relationship of 
peak traffic loading to peak temperature conditions. This relation-
ship is exceedingly difficult to assess since it is so dependent on 
season, geographical location, work-time patterns of various 
industries, etc. However a general pattern might be such as in 
Figure 3,9 with the peaks of traffic and temperature occurring 
during approximately the same period, i.e. morning to mid afternoon. 
Hence the severest conditions of loading and material properties are 
likely to overlap. 
3,4,3 Oxidation 
A film of bitumen hardens over a period of time due to two 
major factors. There is a chemical oxidation process caused by 
exposure to the atmosphere and there is also a work-hardening effect 
caused by repeated stress- relaxation cycles, the latter having been 
mentioned in Chapter Two. 
The oxidation rate of the surface course binder appears to be 
largely dependent on the air voids existing in the asphalt concrete 
when constructed91 • Goode and Owings92 traced the reduction of 
binder penetration over a period of four years for six pavements with 
a wide range of initial air void contents. Their results are 
reproduced in Figure 3,10 with a high degree of hardening shown as a 
small retained percentage of penetration. The asphalt used in each 
case was originally 85/ 100 penetration grade, although that used for 
section 6, the stray result, showed high susceptibility to hardening 
in a thin-film oven test. The general trend is for the binders in 
pavements with high initial air void content to harden rapidly. If 
this curve is extrapolated to estimate the condition where no hardening 
is likely to occur this turns out to be approximately 3% air voids2 • 
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3.4.3 (cont . ) 
Ductilit y is also greatly reduced in time for pavements of high 
initial void content. 
In any event, oxidation will be a long-term process 
especially since most asphalt concrete pavements today are in 
either the medium or low initial air voids category. Hence 
any accelerated testing method must either avoid this pr oblem or 
treat it artificially. 
(XJ{)O 
Figure 3,9 
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CHAPTER FOUR 
CHOICE OF TESTING MODE 
- THE PAVEMENT TESTING TRACK 
This chapter describes the factors leading to the choice 
of a large scale testing track as the simulation mode to be used 
for investigating the problem of traffic compaction. A 
description is given of the main features of the track . 
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4.l CHOICE OF MODE OF SIMULATION 
4.1.1 Summary of the Problem 
The first three chapters have made the scope and complexity 
of the problenclearer. The action of vehicular traffic on a 
pavement modifies some of its material properties and consequently 
alters its structural properties. In particular, an asphalt concrete 
surface course appears to densify at a diminishing rate after 
construction due to the passage of traffic over a period of several 
years. The resistance to deformation of asphalt concrete due t o 
imposed stresses is greatly reduced by any of several fac tors, 
especially a high content of air voids, a soft binder, or a rounded 
aggregate. By causing a reduction in air voids, i . e . compaction, 
the action of traffic is increasing the resistance to deformation of 
the asphalt concrete to a stage that some persons term "ultimate 
density", a density at which the resistance to deformation is equal 
to, or greater than, the imposed stresses. Because asphalt is a 
viscous substance it is temperature sensitive and high pavement 
temperatures reduce stability. Crushed aggregates, being of angular 
shape, can develop a strong interlock and hence the common use of 
crushed aggregates in New Zealand may produce mixes more resistant 
to compaction by traffic. The imposed loading takes the form of a 
parabolic pressure distribution over an elliptical or nearly 
rectangular area. The imposed normal stresses are modified only 
slightly over the thickness of the surface course by the flexure of 
the underlying structure. However vertical deflections and 
horizontal stresses and strains are higher for a flexible base than 
for a rigid base. 
The problem therefore becomes one of determining the behaviour 
of a selected range of mixes with the following considerations:-




construction conditions affect material properties 
thermal environment - controlled 
imposed loading - realistic, controlled and 
preferably full scale 
(v) uniform known base conditions. 
What will be the most satisfactory testing mode in this case? 
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4.1.2 Existing Test Methods 
(a) Full-scale tests and field trials 
The closest that one can approach all conditions for a pavement 
research problem is by constructing a full scale pavement and subject-
ing it to normal traffic. However, the former is extremely expensive 
especially for testing more than one set of parameters, and the 
latter is extremely difficult to control . Furthermore it involves 
long periods of several years. Examples include the A. A.S.H.O. 
Road Test93, the Tunnel Road, Christchurch, New Zealand94, the Shell 
Avenue Test Road95 and many others . 
For the present problem, the laying of several trial strips 
on trafficked highways would be neither too expensive nor too 
inconvenient . However the imposed conditions could not be controlled 
and the factors of imposed loading and temperature could not be 
isolated and assessed: an unsatisfactory situation for this research. 
(b) Small scale tests 
Many attempts have been made to design accelerated testing 
facilities, some of them on a small laboratory ~cale and some of them 
very elaborate. Gyratory machines provide a controlled kneading 
action and produce high densities similar to thos e achieved under 
heavy traffic96, 97 • There are many triaxial type cells including 
the stabilometer98 and some more sophisticated devices with controlled 
cyclic normal and shear stresses99 . Reciprocating linear machines 
consist of a tyred wheel travelling along a linear path usually with 
controlled speed, load and lateral location and with a lift and 
return mechail.l.·smlOO,lOl . C t· k" d . k h f on inuous tracing evices ta et e orm 
of miniature circular test tracks with a tethered wheel travelling 
around the tracklOZ,to3,io4,ios. 
All those laboratory tests however are unsuitable in various 
aspects. In particular, the problem of scaled- down dimensions is 
always present and the loading conditions and stress- fields are being 
artificially simulated one way or another. The tests do, of course, 
furnish particularly valuable information on the material properties 
of bituminous materials but none of the tests were considered to be 
well suited to this present research . 
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4.1.2 (cont.) 
(c) Large scale tests 
Several large scale outdoor test tracks have been built to 
overcome the dimensional problems encountered at laboratory 
scale106, 107 • Such large scale testing can combine good "laboratory 
control" of materials, loading and, to some extent, environmental 
conditions, with the full scale dimensions of a trafficked highway . 
4.1.3 Choice of a Testing Track 
After consideration of all the available modes of tes t i ng, 
the mode that best suited the present research was an outdoor testing 
track of modestly large scale. The reasons for this decision were : 
(i) Nor mal field paving and r olling procedures could be 
used . 
(ii) Normal surface course dimensions could be us ed : mixture, 
thickness, width, etc. 
(iii) Full scale wheels could be used for a realistic imposed 
loading. 
(iv) Repetitive loading and vehicle speed could be r ealistically 
controlled . 
(v) Uniform base conditions would be comparatively easy t o 
attain. 
(vi) Several different mixtures could be tested at once and 
in a short period of time. 
(vii) Environmental conditions : temperature could be controlled 
for short periods and the complication of oxidation could 
be avoided by testing over a short period. 
(viii) Protection and convenience for instrumentation. 
(ix) Such a facility is a versatile and continuing asset t o 
road research in New Zealand. 
As a result of this decision early in 1968, the University 
of Canterbury Pavement Testing Track (see Frontispiece) was built 
and became operational in April, 1969 . 
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4.2 THE PAVEMENT TESTING -TRACK 
Only an outline of the general features of the Pavement 
Testing Track and relevant comments on its performance are 
described in this section. The design, construction and 
performance of the Testing Track are described in detail in Appendices 
I and II, and have been described briefly elsewhere108, 109. 
4.2.1 General Features 
The Pavement Testing Track is sited on the outskirts of 
Christchurch and approximately 8 kilometres from the U~versity. 
The Testing Track has a mean diameter of 9.1 m (30 ft) and 
is trafficked by a pair of diametrically opposed dual- wheel Testing 
Vehicles attached to a central pivot, see Frontispiece . Each 
Vehicle is capable of carrying a maximum load of 40 kN which is 
equivalent to a 80 kN single axle load, the legal maximum in 
New Zealand and the internationally accepted Design Axle Load. 
The load on each Vehicle is variable and is applied by ten concrete 
ballast blocks each weighing 2.7 kN. The Vehicles are driven at a 
fixed speed of 18. 7 km/h by an electric brake n1otor attached to one 
Vehicle and driving through one wheel. The other wheels rotate 
freely and independently in order to minimise slip forces. A 
traversing motion superimposed on the circular motion of the Vehicles 
by the action of an eccentric centre creates a lateral distribution of 
trafficking across the path similar to that existing on normal highways; 
cf. section 3.2.2 and see Figure 4. 1. The traversing pattern repeats 
itself after 96 revolutions and the width of the consequent trafficked 
path is 1.2 m. 
The bed of the Testing Track comprises eight straightsided 
portland cement concrete slabs forming an octagonal annulus . Each 
slab is 2.59 m (8 ft 6 in) wide, has an outside length of 8.3 m, 
averages 280 mm in depth, and incorporates a crossfall of 1:50. 
Heating elements embedded in the concrete slab at a depth of 
50 mm provide a measure of control over the temperature of the 
surface course test material. The elements cover only the immediate 
area of the trafficked path and provide a controlled incremental heat 
input up to a maximum of 936 w/m2• A 250 mm thick layer of no- fines 
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4.2 . 1 (cont.) 
The Testing Track is enclosed by a fence 2 m high which acts 
as both a protective barrier and a windshield to reduce convection 
heat losses. The Vehicle and the heating elements are controlled 
from a switchboard located in the Control Hut outside the Track . 
4.2.2 Comments on Performance 
(a) Rigid Base 
A concr ete base is more rigid than normal highway base 
construction and this introduces a departure from common field 
conditions. However the elastic analysis employed in section 3.3 
showed that vertical stresses at low to mild temperatures are only 
of the order oft½% higher on a rigid base than on a flexible one. 
At high pavement t emperatures the difference drops to the order of 
0. 2%. Horizontal stresses are more affected by base flexibility 
than vertical stresses but they are generally of second order 
magnitude compared with normal stresses . 
There were three main reasons for the decision to construct 
a "rigid" concrete base for the test bed rather than a "flexible" 
granular base: 
(i) Only a permanent rigid base allows the safe installation 
and performance of electric heating cables . 
(ii) A concrete base of sufficient thickness provides a base 
support which is uniform around the track and which will 
remain so during its useful life. 
(iii) Materials laid on a concrete base are easily removed 
after testing without the disturbance and need for 
relaying of the base . 
(b) Temperature Control 
Natural solar heating was used as much as possible in 
controlling pavement temperatures since use of the heating elements 
tended to reverse the temperature gradient in the surface course . 
The elements were used principally as a fine control to attain and 
maintain the desired testing temperature . They were also used to 
preheat the pavement and thus extend the duration of testing at the 
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4.2 .2 (cont.) 
desired temperature level. 
Heat input was satisfactorily uniform when the two elements 
in each slab were used together but some non-uniformity was 
encountered when only one element was being used. In two of the 
slabs, No. 2 and No. 6, the elements short- circuited after one and 
two years respectively causing local overheating . Thereafter the 
heating on these slabs was used rarely and cautiously. 
(c) Vehicle Speed 
The speed of the Testing Vehicles, 18.7 km/h, is considerably 
slower than the speed of normal highway traffic, 40 to 100 km/h. 
This means that the duration of loading on the track is between 2 and 
5 times longer than for normal traffic conditions. This longer 
loading duration affects the behaviour of bituminous materials and is 
likely to cause an effective acceleration of trafficking. 
The trafficking frequency of the Testing Vehicle is approx-
imately 11 axles per minute . but the loading frequency will be less 
than this taking t4e traversing motion into account . On a normal 
highway the time delay between successi ve wheel loads ranges from 
0.06 seconds for a tandem 'axle vehicle at high speed to say 
30 seconds between successive vehicles on a moderately trafficked road. 
These examples are equivalent to a range of trafficking frequency on 
normal highways of between 900 and 2 axles/ minute but the average 
frequency is probably of the order of 10 to 20 axles/minute. Hence 
the Testing Vehicle frequency of 11 axles/ minute is as satisfactory 
a simulation as could be expected. 
(d) Tyre Slip 
The eccentric circular motion of the Testing Vehicle causes 
slip over the tyre contact area because the direction of motion is 
changing continuously. The tyre slip varies from a minimum of 0 .8% 
to a maximum of 2.2%. The maximum commercially recommended with 
respect to tyre wear was 0.2% and hence the slip for the Testing 
Vehicle must be classified as severe and horizontal surface stresses 
are expected to be high . The situation is not as severe as 
cornering for normal vehicles, however, because the whole of the 
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4.2.2 (cont.) 
centripetal force necessary to change the direction of motion of 
the Vehicle is provided by the diametral arm. Hence the 
commercially recommended maximum is considered too low for this 
situation and the surface stresses will be less severe than implied 
because the centripetal force is not being fully transmitted through 
the tyre walls. The slip could have been reduced by increasing the 
radius of the Testing Vehicle but this was prevented by financial 
restraints. 
(e) General 
The experimental resnlts obtained from the Pavement Testing 
Track will be the ultimate test of the facility as a mode of 
simulation. However on a simple performance basis the facility 
has been highly satisfactory and performed its function adequately . 
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CHAPTER FIVE 
OUTLINE OF EXPERIMENTAL INVESTIGATIONS 
This chapter describes the investigations conducted 
on the pavement testing track and two sections of normally 
trafficked highway. The selection of parameters and the 
testing procedure are outlined . 
5. 1 
5.1 . 1 
GENERAL APPROACH TO INVESTI GATIONS 
The Pavement Testing Track 
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The reasons advanced in Chapter Four leading to the 
selection of a large scale pavement testing track for the 
investigations were centr ed on the desir e to control a s many 
conditions as possible. This, combined with the impor tant 
factors emerging from t he ear lier chapters on the behaviour of 
asphalt concrete as a material and the physical context of the 
surface course in the pavement system, largely def ined t he 
approach to the investigations . 
(a) Loading 
The loading factor which can neither be controlled nor 
easily measured on a highway was easi l y controll ed on the 
Testing Track. The normal contact pressure was used as t he 
basic measure and the range of common vehicle contact pressures 
was simulated as well as possible by choosing the two extremes 
available with the Testing Vehicle. The distribution of contact 
pressure was made as uniform as possible , i . e . a slightly under-
inflated condition, so that the loading magnitude could be easil y 
analysed. 
Contact pressures were measured by pressure cells 
developed especially for this task. The design, character istics 
and use of the cells are described in Appendix III. 
The resulting pr essure conditions which were adopted 
fo r the minimum and maximum vehicle loads ar e shown i n Figur es 
5.1 and 5.2. For the maximum 20 kN wheel load, equivalent to 
a 80 kN dual wheel single axle load, an inflation pressure of 
520 kN/m2 produced an almost uniform contact pressure with 
620 kN/m2 peak under the tread with an average of 448 kN/m2 over 
2 the total enclosed contact area of 44200 mm. For the minimum 
6.5 kN wheel load, equivalent to a 26 kN dual wheel single axle 
load, an inflation pressure of 240 kN/m2 gave a more parabolic 
transverse distribution with a peak of 320 kN/m2 under the centre 
t read and an average of 247 kN/m2 over the total enclosed cont act area 
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(a) Light Load (b) Heavy Load 
c:1) CONTACT WAD AREA CONTACT WAD PRESSURE N (mm2) PRESSURE N 
{kNL'.rn2 } {kNLrn2} 
A 1490 100 150 A 4460 540 2410 
B 5760 280 1620 B 7360 600 4420 
C 7300 320 2340 C 8810 620 5470 
D 5860 280 1650 D .7390 620 4590 
E 2140 120 260 E 4340 640 2780 
TOTALS 22550 6020 TOTALS 32360 19670 
Total enclosed area 31200 44200 mm 2 
Treaded area 71 73 % Enclosed area 
Total actual load 6600 20000 N 
Average contact 210 450 kN/rn2 pressure over encl . 
area 
Radius of equivalent 
90 118 mm circular area 
Inflation Pressure 240 520 kN/rn2 
Representative 280 620 kN/rn2 Contact Pressure 
FIGURE 5 .1 TYRE CONTACT AREAS FO}! TESTING VEHICLE 
- LIGHT LOADING -
9,00 -20, 12 ply tyre 
toad 6.7 kN 
infln. 120 kN/m2 
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9.00-20, 12ply tyre 





/_ . I ~ 
+ + t -• -
' 
. ,;.• - • -t- • ----• 
f I J 






0 50 100 150 
TYPICAL HORIZONTAL SCALE (mm) 
- Transverse Profiles -
Fig. 5.2 CONTACT PRESSURES FOR TESTING VEHICLE 
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5.1.1 (cont.) 
of 26300 mm2• The representative contact pressure for the 
minimum load was taken to be 280 kN/m2• Note the much more 
oval and nearly circular shape of the contact area for the 
lightly loaded large tyre compared with the more rectangular 
shape for the fully laden tyre. Light pass€nger cars may 
well have contact pressures as low as 180 kN/m2, but 280 kN/rn2 
was considered to be a satisfactory representation for light 
vehicles . Heavy vehicles may produce pressures up to 
700 kN/m2 but their incidence is generally very low. The one 
characteristic of the tyre-contact that could not then be 
changed was the size and shape of the contact area but this was 
considered to be of secondary importance to the magnitude of 
the contact pressure . 
The measured results compare well with the findings 
cited in section 3.2.2. The contact pressure at the centre 
of the contact area is about 30% higher than the inflation 
pressure. Due to the aforementioned limitations of the cells 
for measuring low contact pressures no specific measurements 
were taken for small vehicles . However, for common inflation 
pressures of the order 125- 165 kN/m2, the average contact 
pressures are likely to be of the order of 150-200 kN/m2 • 
The dynamic situation will not be very different. The 
normal pressure at the leading edge of the tyre contact is probably 
about 2% higher and the contact area very slightly longer, but 
neither of these will significantly affect the subsequent findings. 
The speed of the testing vehicle is fixed and, although 19 km/h i ~ 
slower than most traffic speeds, this constraint had to be accepted. 
The findings mentioned in section 3,3,3 will help to assess the effect 
of this on the results. 
(b) Temperature 
The satisfactory simulation and control of temperature is 
a difficult problem. Even in a long- term full-scale highway study 
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5. 1. 1 ( cont.) 
the timing of the seasonal variations may have significant effect . 
Because the Testing Track afforded some control of temperature it was 
decided to limit testing to only two temperature levels, one 
representing cool conditions and the other hot summer conditions. 
On the basis of the information in section 3.4.2 and some 
observations during preliminary tests at the track, the author 
0 0 chose temperature levels of 25 C and 40 C measured at the middepth 
of the surface courseo 0 The lower temperature , 25 c, was intended 
to cover the maximum pavement temperature likely to occur during 
94% of the , year in New Zealand . Temperatures between 25°c and 
40°c may be expected to occur for about 5% of the year (i. e. about 
430 hours) and temperatures exceeding 40°c occur during probably 
about 1% of the year (i . eo about 90 hours) . 
Since asphalt concrete has least resistance to compaction 
at high temperatures, the test temperatures have also been chosen 
on the high side . Performance above 40°c may be critical at 
some stages of the life of the pavement but such temperatures 
occur so rarely in New Zealand that separate consideration should 
be made of them. 
(c) General Suppositions 
The selection of two conditions each of loading and 
temperature with the constant condition of 11 rigid11 base support 
provides four combinations of physical testing conditions . No 
more combinations could be employed without unduly extending the 
length of a test series beyond four months . 
The order of severity of these four combinations was 
considered to be the following :-
(i) low load, low temperature, 
(ii) low load, high temperature, 
(iii) high load, low temperature, 
(iv) high load, high temperature, 
although there was some uncertainty regarding the order of (ii) and 
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(iii) . The policy of gradually increasing the severity of loading 
conditions will result in the maximum bearing strength being attained, 
cf. section 2.3.4(a)o If the pavement were first subjected to t he 
severest condition, (iv), it would behave differently and, if i t 
were to "fail", it would "fail" prematurely. The preliminary tests 
conducted on the track showed this spectacularly when a strip at a 
temperature of 6o0 c subjected to heavy loads deformed very badly after 
only 700 vehicle passes, q.v. section 5.3.6. Even after such extreme 
deformation the same strip proved to be stable under less severe 
conditions. Similar material when tested ih the aforementioned 
standard sequence did not exhibit such spectacular deformation. 
Behind the choice of all these conditions t here lies a 
general philosophy. It is expected that under any one set of these 
conditions the surface course will compact under trafficking until it 
reaches a "stable state" for that set of conditions . Such a "stable 
state" is defined as those material conditions which are developed 
through the process of trafficking under certain constant testing 
conditions arid which do not then alter under further trafficking . 
The author uses this terminology in preference to the term "ultimate 
state" since the state is largely dependent on the general loading 
conditions and cannot be "ultimate" in the correct sense of t he word 
while the loading conditions could increase in severity . On this 
supposition it should then be possible to compare the effects of 
load and temperature by the properties of the asphalt concrete at 
these stable states . Furthermore, by conducting all stages of a test 
series within three months, oxidation effects should be insignificant. 
That then is the formulation of the physical and loading 
conditions which were maintained throughout the testing programme . 
The material properties of the test mixes then remained to be chosen . 
Since each test series was expected to last the three months of a 
summer season, only two series could be planned in this project 
extending it to a duration of four years . 
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5.1. 2 Highway Studies 
The necessarily artificial conditions of t he testi ng track 
provide excellent control but the question arises , 1How r ealistic 
is this? '. Comparative test areas on two highway sites near 
Christchurch were studied to answer this quer y, especial ly regar ding 
the flexibility of the base . One of these was laid on t he Mai n North 
Road in Christchurch at the beginning of this project in Febr uary, 
1968 . The original purpose of this t est area was t o study t he 
influence of two mix design parameters but l ater it also provided an 
answer to the question above . The other test area was laid on t he 
Christchurch Northern Motorway in December, 1970 wi th the special 
intention of studying the effect of base fl exibility. These highway 
t est areas are discussed in detail in s ection 5.5. 
5.2 
5, 2. 1 
PARAMETER SELECTI ON FOR TRACK TESTS 
Important Material Parameters 
The eight slabs of the pavement tes t ing t r ack permit the 
simultaneous testing of eight combinations of material parameters . 
With two test series planned this gave a total of sixt een pos sible 
combinations . The parameters to be consid.ered fa ~l i nto two 
categorie s : those in the mix design and t hose i n construction; bot h 
affecting the behaviour of the material • . 
The most important factors in mix design which emerge from 
section 2 . 1 appear t~ be binder content and visco sity, and aggregate 
structure with the associated property of air voids. Aggregate 
gradation per se seems of lesser impor tance beside thes e others once 
the general type of gradation has been decided . Although gradation 
has often been a controversial issue the author decided to choose one 
well- proven acceptable gradation, within the current specificatio ns, 
for all the tests. This meant a dense gradation, as commonly used 
in New Zealand . This then permitted more variations of the other 
parameters. 
Paving and rolling procedures were to be as similar as possible 
to those normally employed . Here, the important parameter was the 
minimum density which should be avhieved during the construction phas e : 
does it affect the final density achieved after t raff i cking? The 
surface course thickness was another construction factor of i nterest 
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5.2.1 (cont . ) 
because of its possible influence on the effective stability of the 
asphalt concrete. If thickness was to be a parameter then the 
maximum aggregate size had also to be considered because the relative 
dimensions of these seemed likely to have some interdependence with 
regard to stability. 
The following parameters were therefore selected for the test 
series (with t he number of variations in parentheses) : binder content 
(3) , binder viscosity (2), construction density (2), surface course 
thickness (4 ) and maximum aggregate size (2) . The combinations of 
these which were tested are described below. 
5.2 . 2 Test Series 1 
In the first series, the binder content and viscosity and 
the construction density were varied . The aggregate gradation was 
kept constant and was designed to replicate that laid on the Main 
North Road test strip, Figure 5.3. 
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5.2.2 (cont . ) 
Two binder viscosities were chosen to demonstrate the 
influence of viscosity on traffic compaction . From this a measure 
of the effects of oxidation may also be obtained. One was an 
80/ 100 penetration asphalt which is the softest grade normally used 
in asphalt concretes in New Zealand and the other had a penetration 
of 180/ 200. Their viscosity- temperature properties are included in 
Appendix V. 
The mixes were designed by the Marshall method and three 
binder contents were chosen for each asphalt to give a range of above-
optimum, optimum, and below-optimum, q.v. Appendix V for details. 
The properties of the five mix designs (A- E) used are shown in 
Table 5-I. 
The variation of constr uction densi ty was limited to two 
levels by the number of combinations able to be tested in the series. 
These were chosen at 98% and 95% of Marshall 75- blow density thus 
representing the common range expected in practice. Densities 
below 95% have been well proved as unsa~isfactory overseas and 
densities above 98% are sometimes difficult to obtain economically 
during construction . 
The combinations of these three variables used in the Test 
Series 1 are shown in Table 5-II. 
5.2.3 Test Series 2 
The final selection of parameters for the second test series 
was not made until the results of the first series were known . 
However, the main aim was to test the significance of the dimensional 
effects of maximum aggregate size and surface course thickness . 
Two maximum aggregate sizes were chosen, 16 and 9.5 mm. The 
gradation of the 9 .5 mm aggregate was very similar to that of the 16 mm 
aggregate which was the standard gradation used in Series 1 and on the 
parallel highway tests, Figure 5. 3. 
The layer thicknesses were chosen to be approximately two, 
four and six times the maximum aggregate size. Hence thicknesses of 
9, 38 and 64 mm for the 9.5 mm mix, and of 38, 64 and 100 mm for the 
16 mm mix were chosen. Additional strips of the 16 mm mix were cho sen 
at thicknesses of 38 and 64 mm to be laid at 95% laboratory density in 
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TABLE 5-I 
MIX CHARACTERISTICS FOR ALL TESTS 
Asphalt Asphalt Max. Air Agg. Voids Marshall Z.A.V. •f 
pen. Content Agg. Voids Voids Filled Stab. Flow Density 
~ode grade Size V.M.A. VFA 
kg/m3 (mm) (% wt) (mm) (%) (%) (%) kN 0.1mm 
PAVEMENT TESTING TRACK - DESIGN 
A . 80/100 6.8 16 2.5 18 .o 86 .4 9.8 29 2396 
B 80/100 6.1 16 4. 0 17.8 77 . 5 10. 7 26 2420 
C 80/100 5.2 16 6.1 17.7 65.5 12.9 23 2452 
D 180/200 6.1 16 3.5 17.4 80 . 0 8.9 23 2420 
E 180/200 5.2 16 5.6 17.3 67 . 7 8.9 20 2452 
F 80/100 6. 75 9 . 5 3. 7 19.0 80.5 10.8 26 2403 
MAIN NORTH ROAD TEST AREA - CONSTRUCTED• H~ 
G 80/100 6.2 16 3.85 18.3 79 15.0 28 2415 
H 180/200 6.15 16 4.3 18.3 77 9.7 23 2418 
CHRISTCHURCH NORTHERN MOTORWAY - CONSTRUCTEDff 
J 80/100 6.1 16 2.1 16.8 87.5 14.9 30 2420 
• fz .A. V. = Zero Air Voids • H~Average values 
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TABLE 5- II 
DESIGN PARAMETERS FOR ALL SERIES OF TRACK TESTS 
Track Mix Binder Binder Max.Agg . s.c. Nom .Constr. 
Strip Code Viscosity Content Size Thickness Density 
• r (mm) (mm) (% lab.) 
TEST SERIES 0 
02 D Low Optm 16 50 
04 D II II . II II 
01 D II II II II 98 
07 D II II II II 95 
TEST SERIES 1 
11 B High Optm 16 50 98 
12 A High Rich II II 98 
13 B High Optm II II 95 
14 A High Rich II II 95 
15 C High Lean II II 98 
16 D Low Optm II II 98 
17 C High Lean II II 95 
18 E Low Lean II II 98 
TEST SERIES 2 
21 B High Optm 16 38 98 
22 B II II 16 64 98 
23 B II II 16 100 95 
24 F II II 9.5 64 95 
25 B II II 16 64 92 
26 F II II 9.5 38 95 
27 B II II 16 38 92 
28 F II II 9.5 19 95 
• fThe first digit is the number of Test Series, the second is the 
Track Slab number. 
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5.2. 3 (cont. ) 
order to check an apparent dependence on initial construction 
density of this mix in the first test series. 
The mix design and construction parameters for Series 2 
are summarised in Table 5- II. 
5.3 
5.3.1 
PRELIMINARY TRACK TESTS 
Introduction 
During May and October of 1969 some ,preliminary tests were 
conducted at the Testing Track . The purposes of these tests included:-
(1) to give the testing facilities a trial run; ( 2) t o make running 
adjustments to the vehicle, q.v. Appendix I; (3) to develop temperature 
measurements and determine the heating response; (4) to attempt to 
reproduce the mix laid on the ¥,ain North Road Test Area ; (5) to test 
paving procedures on the Testing Track for small tonnages ; (6) to 
examine construction rolling on the Track and how to control the 
constructed densJtv ; and (7) to determine the relative load, 
temperature, traf t1\, density and time scales for track testing . 
The test ma terials were laid on slab numbers 2 and 4 for the 
May tests and number, land 7 for the October tests , By a standard 
nomenclature that wa, ~dopted these test strips were numbered 02, 04, 
01 and 07 respectively. The first digit refers to the number of the 
Test Series: 0 for the Preliminary Tests, and 1 and 2 for the first 
and second series. The second digit refers to the number of the slab 
on the Track indexed in Appendix Figure I. 1. 
The conclusions from the preliminary tests are summarised 
below. 
5.3.2 Temperature and Heating Response 
Temperatures were measured by iron/constantan thermocouples 
of 18 and 20 gauge connected to a 24- channel strip chart recording 
potentiometer. Several other means of measurement were considered 
including a mercury- in-glass thermometer in an oil- filled hole, a 
needle pyrometer, and a needle thermistor but these would have 
required interruption of testing and manual point measurement. The 
technique developed for embedding the thermocouples is described in 
Appendix V. 
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5.3. 2 (cont. ) 
The time elapsed before a temperature response to heating 
input occurred at the surface of the concrete base slab was appr oxi-
mately two hours. With maximum heating switched on, the time 
elapsed before the maximum pavement temperature was reached was about 
12- 15 hours depending on ambient conditions. When the heating input 
was reduced, about one hour elapsed before the temperature responded 
although it was about 9- 10 hours before equilibrium was reached . 
Construction 
Normal field procedures were used for mix pr oduction, paving 
and compacting and details of these are included in Appendix V. 
The control over pavement thickness and density that was 
achieved is demonstrated in Figures 5. 4 and S.S. Thickness control 
was not very good with a variation of 62- 38 mm for a specified 50 mm 
thiclmess, Figure 5.4 . Although much of this could be due t o 
variations in the finished level of the concrete base, greater car e 
needed to be observed on the manual thickness control . 
The density distribution, Figure 5. 5, a1 so shows a large 
variation amongst samples from either strip . The variation i s 
greater transversely than it is longitudinally. This arose from 
the difficulty in obtaining an even coverage by a pneumatic roller 
over such a narrow strip. In particular, the half metre strip near 
each edge could not be adequately compacted without some lateral 
support being given to the mix, e.g. Strip 02. 
5.3.4 Trial Trafficking 
In the May tests, core samples were cut from strips 02 and 
04 after 270 passes of the 40 kN vehicles at varied ambient temper ~--
tures. This was the period of running- in and adjustments to the 
vehicles . Even after this small amount of traffic at relatively 
cool to mild temperatures there was a significant increase in density 
of 0.5 and 0.9% respectively, Table 5-III. 
The second period of trafficking was conducted at the very 
high middepth temperature of 6o0 c. After 730 passes of the 40 kN 
vehicles (i.e. approximately one hour) air voids had decreased to 
1.4% and 1. 6% respectively and severe rutting was noted in both 
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TABLE 5- III 
DENSIFICATION DATA FROM FIRST PRELIMINARY TESTS 
Traffic (passes) No . Cores Air Void Content Mean 
C.P. 620 kN/m2 per Value (%) Air Voids (%) 
TEST STRIP 02 
0 4 3,12 2.92 2,71 2.60 2.84 
270, cold 3 2.70 2.30 2. 32 2.25 2. 39 
420, cold) 4 1.15 1.16 1.39 1.75 1. 38 730, hot) 
TEST STRIP 04 
0 4 4.31 3,85 4.22 5, 51 4. 47 
270, cold 2 3.54 3.12 3.01 4,72 3.60 
420, cold) 4 1.83 1.54 1.43 1.77 1.64 730, hot) 
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5.3.4 (cont . ) 
strips . The photographs in Figure 5,6 illustrate this. One 
effect which is particularly noticeable in photographs (a) and (c) 
is the erosion of fines from the surface that occurred during the 
high temperature trafficking. The larger stones protrude from the 
mix giving a texture with coarse asperities. In photograph (d) 
another textural effect is noticeable. There is a high incidence 
of fine cracking that appears to be the result of tensile failure 
of the binder film. This is indicative of a great deal of 
instability and movement in the mix under such severe loading 
conditions. The significant horizontal deformation indicated by 
the displaced thermocouple slot, ib (e), was caused by the pavement 
sliding as a mat over the hot concrete base in the direction of 
travel. This was evidenced by the shear failure existing at the 
edge of the path, ib (e) , and also by the displacement of refilled 
core holes revealed during removal of the test materials. This is 
the instance of bond failure due to overheating of the base- surface 
course interface mentioned earlier. Finally, it should be noted 
that, although this overall performance could be classified as 
"failure", the pavement became more than adequately stable again at 
mild temperatures. The deformities remained, of course, but the 
pavement had regained satisfactory load- bearing capacity. 
The trafficking conditions which caused such a'poor performance 
of the mix are much more severe than those expected in New Zealand . 
However, the test showed what can happen under extreme conditions and 
it demonstrated some of the capabilities and drawbacks of the Testing 
Track facility. Clearly, base heating should be used as little as 
possible, the pavement should be given the opportunity to develop its 
strength as it would normally do in the field and the use of a 
simple profilometer to measure deformations would be desirable . 
The next two preliminary strips, 01 and 07 tested in October, 
1969, provided further experience of construction, a full scale test 
trial in terms of a load and temperature sequence as mentioned earlier 
and a chance to perfect measurement techniques. In brief, these 
strips showed that a great deal of compaction occurs in the first few 
thousand passes of the Vehicle, i.e. in approximately 6 to 10 hours of 
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Figure 5. 6 HIGH TEMPERATURE DISTRESS ON PRELIMINARY 
TE ST STRIPS 02 & 04 
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5,3, 4 (cont . ) 
trafficking. They also demonstrated that the load/temperature 
sequence does represent increasingly severe conditions. Detailed 
coverage of these results is included with the main results. 
5,4 PROCEDURE FOR TRACK TESTS 
5 ,4, 1 Construction 
The eight strips for each test series were paved on two 
successive days doing four alternate strips each day. The octagonal 
shape of the track caused a certain amount of loss of effective length 
to each strip through cutting or overlap rolling but this was handled 
as economically as possible, Figure 5.7. Otherwi se the procedures 
developed during the preliminary tests were generally followed. 
Photographs of the construction sequence and details for each test 
strip may be found in Appendices V, VI. 
Each truck load was sampled before leaving the mixing plant 
and Marshall blocks were compacted in the laboratory . The quality 
control of the loads was consistently good. 
A thin coat of bitumen emulsion (180/200 pen.) had been 
applied to the concrete slabs before paving . This was sufficient to 
act as a tack coat, but was not thick enough to cause lubrication as 
happened on one of the preliminary strips. 
Compaction proceeded well with only one or two blemishes 
occurring in the whole operation. The only significant blemish was 
a tear caused by the steel roller on Strip 12, but this was healed 
by further pneumatic rolling . Construction densities departed from 
the specified densities reducing the desired range, but sufficient 
range was obtained to produce meaningful results, cf, Appendix VI, 
Figures VI. 1- 18. 
Temperature Control 
The specified middepth pavement temperature for each testing 
stage was achieved as much as possible by natural solar heating alone. 
This ensured that the temperature gradient over the depth of the 
surface course would be both realistic and of the correct sense. 
The heating elements were used as a fine control to bring the temperature 
to within one or two Celsius degrees of that specified and, if need be, 
to keep it there. An example of the temperature control is included 
0 
0 J metres ---=====~--2 
... 
( a ) Fi rst day 
... 
( b ) Second day 
Code m removed fi ll ed 
a lready paved 
2 
( c J Semi-pl an of comp/ eted paving 
6 metres 
Figure 5. 7 PAVING LAYOUT AT THE TESTING TRACK 
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5.4 . 2 (cont. ) 
in Appendix V. The elements were also used on some occasions to 
extend the duration of each constant temperature period by one or 
two hou.rs by pre- heating the strip for a few hours several hours 
before testing was due to begin. The gap of some hours after the 
heating was switched off gave the base temperature time to decrease 
before testing began . 
Three thermocouples were placed in each test strip. In 
Test Series 1 these were placed in the centre of the path at the 
surface, middepth and base of the surface course. In Test Series 
2, they were placed in the immediate vicinity of the strain gauges 
and all at middepth. 
Because each test series was conducted during a summer-
o autumn season, the 25 C stages were done on cool overcast days or 
at night when pavement temperatures might remain steady for several 
hours at a time . The 40°c stages had to be conducted on fine hot 
days and then only for a maximum of about four hours a day. Hence 
each of the four stages of testing, which required approximately 
35 hours (25,000 vehicle passes) of trafficking, extended over at, 
least a week for a cool stage and generally more than two weeks for 
a warm stage. This is the main reason why each test series lasted 
about three or four months: at times during a warm stage several 
days would pass before sufficiently fine weather occurred for one 
day's testing. 
Traffic Regulation 
Following the general suppositions behind the testing 
procedure, q.v. 5.1.l(c) that a stable state might be reached for 
each stage of load/temperature combination, and also the experience 
of rapid compaction in the preliminary tests, a decision had to be 
made on the amount of trafficking for each stage. Most of the 
compaction in the second pair of preliminary test strips seemed to 
have occurred after a total of 5000 vehicle passes using a similar 
load/temperature sequence to that in the main test series. Hence 
a figure of 10,000 vehicle passes for each stage seemed quite large 
enough to ensure the achievement of stable state density conditions. 
To check this contention it was decided to make density checks at 
about one quarter to one third of the way through the stage. After 
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Test Series 1 was completed some doubt on the truth of that 
contention was cast by an unexpectedly large increase in voids in 
a couple of strips over the final portion of the high temperatur~ 
stages . This was possibly due to the inherent variation in 
measurements, but nevertheless the trafficking period was extended 
to 25,000 vehicle passes for Series 2. This matter is discussed 
more quantitatively in Chapter Six. 
The terminology used to describe test trafficking is as 
follows. The "total trafficking" for a Test "Series" was conducted 
in a number of "Stages" each representing a different combination of 
loading conditions . Measurements were made at intervals defined as 
11 substages" during each Stage . The volum.e of traffic quoted is in 
terms of vehicle passes, there are two vehicle passes for each full 
revolution of the Testing Vehicles. 
The details of Test Traffic are tabulated in Table 5- IV. 
After rutting deformation occurred in the preliminary tests 
and in Test Series 1 it was realised that the lateral distribution 
of trafficking was not as realistic as assumed and the mathematical 
analysis summarised in Appendix Figure I.7 was made. The addition 
of the 0.15 m section to one vehicle arm produced the more realistic 
distribution of Figure 4.1 for Test Series 2. 
Once the cant of the vehicles had been adjusted to equalise 
the wheel loads it was fixed by a lock nut for the duration of all 
further testing, Appendix I. The concrete ballast blocks on each 
vehicle were moved using a truck crane. Tyre i nflation pressures 
were checked regularly during each test . 
Core Sampling 
After substages of test trafficking core samples were cut 
from each pavement strip. The maximum number of cores cut from 
each strip was determined by the amount of pavement available and 
the minimum by the amount of variation occurring between samples 
from the same strip. The procedure adopted was to cut one line of 
four cores from near the centre of the strip at the intermediate 
point of the stage, and then either two or three further lines of 
four cores from the strip at the end of each stage . This meant a 
total of twelve or sixteen cores from each strip for each stage 
TABLE 5- IV 
RECORD OF TESTING CONDITIONS AND TRAFFIC FOR ALL 
TRACK TEST SERIES 
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TESTING LOAD 2 TEMPER- TRAFFIC SUBSTAGE (nasses) 
STAGE (C.P .kN/m) ATURE 1 2 3 TOTAL 
(oC) 
SERIES O (Strips 01, 07) 
1 280 15 500 1500 - 2000 
2 280 45 1400 - - 1400 
3 620 20 1300 - - 1300 
4 620 45 1000 - - 1000 
SERIES 1 
1 280 15 2400 3600 - 6000 
2 280 40 2000 4000 5000 11000 
3 620 25 3000 5000 - 8000 
4 620 40 3000 3000 5000 11000 
SERIES 2 
1 280 25 15000 12500 - 27500 
2 280 40 7500 12700 - 20200 
3 620 25 16150 14900 - 31000 
4 620 40 16150 ·15600 - 31750 
4 620 25 - - 1750 1750 
5 620 so 12700 - - 12700 
87 
5.4.4 (cont.) 
(the number depended on the length of the strip) : 112 cores fo r 
each stage, approximately 500 cores for each test series, and a 
total for the track of about 1300 cores. Each new line of cores 
was taken at a point 200 mm from the last row against the direction 
of vehicle travel: this avoided any local impact effects f rom the 
vehicle striking an adjacent core . 
is described in Appendix V. 
The technique of core sampling 
Core samples were preferred for density measurements for 
several reasons. Density measurements by water displacement could 
be made to a high degree of accuracy and also breaking tests could 
be conducted to follow the trend of the "stability" of core samples . 
This latter is also the reason for preferring 100 mm to 150 mm for 
the diameter of the core samples. Furthermore , the pavement thick-
ness could be measured from the height of the cores . Even though 
this process involved a great deal of labour, the additional 
information was deemed worthwhile. The use of a nuclear densimeter 
was considered but the cost , lower level of accuracy and limited data 
obtained ruled it out . 
The principal di sadvantage of this technique of assessing 
the pavement's properties lies in the destructive nature of the tests. 
Measurements at succeeding traffic stages cannot be made on the same 
sample but must be made on a sample from a nearby location . This 
opens the measurements to variations i nherent in t he material as well 
as to miscellaneous variations in testing conditions, e.g. t he 
particular aggregate gradation, the particular thickness , and the 
particular temperature conditions because all these may vary to a 
small extent from location to location . 
Measurements on Core Samples 
Core samples were measured for density and thickness, and 
defects in the shape of the core were noted in a code which included 
the severity of the defect . These defects were departures from the 
ideal rectangular cylindrical shape caused during cutting and 
removal of the sample. 
Assessment of the increasing strength or resistance to 
deformation of the material as compaction proceeded was an important 
concern. It was important because it is clearly a more direct 
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5.4 . 5 (cont . ) 
indicator of reaction to imposed stresses than is density and yet 
it is so difficult to measure realistically . As was discus sed in 
section 2.3.1, it is important that a 11 stability11 test should 
replicate the in- situ production of resisting stresses through 
developing strains and yet few tests do . Even with a theoretical 
basis to the test; the material may not behave as as sumed if 
relative size factors invalidate the theory. Throughout Chapters 
Two and Three the behaviour of the material and the nature of the 
imposed stresses were discussed in detail . The most satisfactory 
test basis appeared to be linear viscoelastic theory but the 
laboratory work involved in applying this to the large numbers of 
samples involved was beyond the resources of this project in the 
time available during a testing programme . The Marshall breaking 
test by comparison was simple to perform and, despite the blatant 
empiricism of the test, it has been shown in section 2.3 to provide 
a reasonable measure of 11 stability11 when correctly interpreted . 
On this basis the Marshall test was selected as the means of 
following the increase of strength occurring as a result of 
compaction. It is regarded however more as a qualitative than 
a quantitative indicator . 
Some matters of experimental method required consideration . 
(a) Core Structure 
1'he particle structure developed in the field should be 
preserved because it strongly influences the 11 stability11 of the 
specimen. For this reason, it was desirable t o break the cores as 
they were rather than to remould them as many investigators have 
done . This approach places a strong demand on cutting technique in 
order that the specimens might be 11 true11 in shape, since defects in 
shape can cause large errors in measurement . This demand was met 
to a satisfactorily high degree. 
(b) Testing Temperature 
It was observed during preliminary investigations that the 
11 stability11 of such core samples was much lower than the corresponding 
"Marshall stability" and the reasons for this have been discussed in 
section 2. 3o2 . Because of this some of the stabilities measured 
5.4.5 (cont . ) 
were very low giving rise to sources of considerable measurement 
error in the standard Marshall test and hence the testing 
d d 500 C p . 110 d temperature was roppe to • ignataro presente a 
reasonable experimental basis for a simple semilogarithmic 
empirical relationship between Marshall stability at any test 
temperature and the standard at 6o0 c. The author also considers 
that there is corrobative evidence from the viscoelastic study 
mentioned in section 2.3.4 to substantiate this basic kind of 
relationship. Pignataro expresses the relationship for the effect 
of test temperature on stability as follows: 
(6~T) 
ST = 1.567 lO • s60 5(1) 
where S = stability 
T oc. = test temperature, 
This is for a dense-graded mixture with an asphalt binder in the 
penetration range of 76 - 108 (0.1 mm) and for test temperatures 
between 30°c and 8o0 c. The relationship is nearly independent of 
asphalt content between 5% and 7%. The 95% confidence deviation 
appears to be of the order of 5% or less and the relationship 
compares well with data obtained by other investigators. The 
relationship suggests the following stability ratios for the 
temperatures involved in this project: 
s50 = t.567 
s40 = 2.456 
s25 = 4.814 
860 
s60 = t.567 
s60 = 3.073 
5(2) 
The effect of temperature on flow value was not so clearly defined but 
the author derived the following approximate relationship from 
Pignataro 1s data for two asphalts of 76 and 108 penetration grade 
for test temperatures between 45°c and 70°c. 
(6~T) 
10 
FT = 1.14 • F60 5(3) 
i.e. F 50 = 
F40 = 
1. 14 • F60 
1.30 . F60 = 1.14 . F50 5(4) 
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5.4 .5 (cont. ) 
While these relationships are not considered to be completely 
reliable nor necessarily highly accurate, they do give a good 
relative measure by which to assess results. 
(c) Thickness Correction 
One final point of experimental method to be considered 
was the correction factors to be employed for thickness variation. 
111 
On this matter, Lee made a thorough study at Iowa State 
University. He found a highly significant correlation between 
thickness and stability that held for a variety of mixes over a 
thickness range of 12 to 82 mm. · This takes the linear form of: 
s = s (at - b) 
0 
5(5) 
where s = stability at thickness t (mm) 
s = stability 
0 
at standard thickness (63.5 mm) 
a,b are constants. 
The constants a and b varied somewhat for various mixes, 
especially if remoulded cores were included in the analysis, but 
11 a 11 was generally in the range 0.07 - 0.31, average 0.20 . The 
constants derived from data from the U.S . Corps of Engineers revealed 
constants of 0.0232 and 0.48 respectively, and the correction factors 
quoted by Jackson and Brien112 reveal constants of 0.0249 and 0.58 
respectively. The Iowa figures were preferred in this case because 
of the thoroughness of the analysis and because it covered a sufficient 
thickness range. A similar relationship exists for flow correction 
(The Corps of Engineers maintain that such a correction is 
unnecessary): 
F = F (0.0102 t + 0.35) 
0 
where t = thickness (mm) 
F = flow (0.1 mm) 
5(6) 
However, this seemed to place rather more emphasis on thickness than 
the author's data indicated and so this correction was modified 
slightly. The correction factors finally adopted were: 
S = S (0.0185 t + 0.20) 
0 





5.4.5 (cont. ) 
All of these measurements were made on each core sample 
and, along with the location of the sample and the stage of 
trafficking, were recorded on computer cards in the format described 
in Appendix V, one card per sample. This facilitated handling of 
the large imount of data involved . 
Profile Measurement 
The occurrence of deformations as large as those in the 
preliminary tests had not been expected and the change in lateral 
depth profile had been expected to be very small. However, the 
former experience prompted the design and construction of the simple 
profilometer shown in Figure 5.8. The profilometer is made from 
alwninium alloy for lightness. It consists of a rotating chart 
drum driven by a gear from an axle of the carriage and the pen is 
actuated by the rise and fall of the travelling wheel. The height 
dimension is reproduced full scale on the chart but the hori zontal 
dimension is reduced by a factor of 3.75. It is now thought that 
the height scale should have been increased. 
The profiles were regularly recorded over three fixed paths 
on each strip as shown in Figure 5.9. Each path was designated by 
a three digit code: e.g. 173, meaning Test Series 1, Strip 7, 
path 3. Reference points for each path consisted of small metallic 
discs 8 mm in diameter glued to the pavement 0.30 m outside the 
trafficked path. 
5.4.7 Photographic Record 
A photographic record was kept of the surface texture of 
the test strips . This was used to detect any change such as 
flushing, microcracking or erosion of the surface. Grid patterns 
were painted on the surface of each strip along the line of the 
profile paths so that these areas were kept undisturbed by core 
samples, Figure 5,9. 
Photographs were taken using a 35 mm camera from a constant 
height of 0.9 m, covering a field abbut 0.25 m square. The 
preferred light was bright, slanting sunlight which accentuated the 
surface texture. 
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The effect trafficking has on the skid resistance of asphalt 
concrete bears an important relationship to the compacted state of 
the mix. The condition of flushing is said to severely reduce the 
skid resistance, and it seems probable that erosion of the surface 
such as occurred in the Preliminary Tests would also affect the 
skid resistance qualities of the pavement. Thus a record of skid 
resistance, as measured by a standard pendulum skid tester, was kept 
during Test Series 1. It was considered that no great value would 
be obtained from extending these observations into Test Series 2. 
5.4.9 · Particle Orientation Analysis 
The result of compactive work on asphalt concrete was 
suggested to be reflected in a r e-or i entation of aggregat e particles 
as well as a change in density. While the effect was expected to 
be small, a study of this aspect was begun as a supplement to the 
main investigations. Samples were taken during Test Series 1 
from the trafficked portion of each strip after Stages 2 and 4 and 
from an untrafficked portion to determine the initial stage. 
Details of the method of analysis are included in Appendix IV and 
the results of the data processed to date are discussed in the next 
chapter. 
5.4.10 Strain Measurements 
Much of the observational procedure described up to this 
point is along the empirical lines of earlier studies although the 
control and simulation of loading and external conditions is far 
more rigorous than in other studies . More absolute measures of 
stress and strain conditions have usually foundered in the past 
because of the difficulty in perfecting a reliable technique. 
Such an attempt to measure stress or strain conditions were ruled 
out in the early stages when this project was much smaller but, 
when the scope increased, the matter was pursued and strain measure-
ments were made throughout Test Series 2. The technique, scope 
and results of the observations of strain are covered fully in 
Chapter Seven. 
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5.5 HIGHWAY TEST AREA~ 
5.5.1 Main North Road, Christchurch 
The site is on a long straight section of the south- bound 
lanes of a four-lane divided highway in a restricted speed area 
(48 km/h). A right hand turn at the end of t he test area is used 
infrequently. The test area consists of ten strips each 
constituting the paved area from a single truck load. A plan of 
the area is shown in Figure 5.l0(a), and a view in ib(b). The 
strips were paved as part of a normal job in February, 1968, at the 
beginning of this project . This was done under the direction of 
Mr J. Pollard, one of the supervisors of this project, and the 
author was present also. The job was a 50 mm thick smoothing 
overlay to a chip-sealed pavement with a cement-treated base . A 
thin corrective layer was laid before the over lay. 
Two mixes were used, both of standard gradation but with a 
slightly smaller maximum aggregate size than is usually used in this 
country: 16 mm instead of 19 mm, Figure 5.3. Two binder hard-
nesses were employed, 80/100 and 180/200 pen., but the two asphalts 
were from the same refinery . The mix was prodnced from a 
continuous type plant with only average quality control . 
Core samples were extracted on a random pattern after 
construction but, after the lanes had been marked and the highway 
had been opened to traffic, cores were taken fro m the wheel paths, 
0.9 min from each lane marking . 
8 and 21 months . 
These were t aken at periods of 
Christchurch Northern Motorway 
The second highway test area was chosen on the two south-
bound lanes of the Christchurch Northern Motorway which has a 
96 km/h speed limit. The site consists of a 60 m length on the 
Kaiapoi River bridge which has a concrete deck, and a 60 m length 
on the granular-base runoff from the bridge, Figure 5 . 11. The 
specific object of this test was to compare the behaviour of the 
surface course over "rigid" and "flexible" bases under normal traffic . 
However this granular base was thick and its upper layers stabilised 
with a bituminous emulsion. In consequence, flexibility was low 
with a Benkelmann Beam deflection of 0 . 15 to 0.20 mm. 
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5.5 .2 (cont. ) 
Six full-width strips were laid on the site in December, 
1970. A single mix design was us ed for all strips: again a 
replica of the Main North Road mix with 80/100 pen. asphalt. 
However, the supplier did not match the specified grading, 
Figure 5.3: the mix was more open and had low workability, and 
the variability was high . 
The three strips laid on the _bridge deck each ran the 
length of one 20 m bridge span full- width. The rolling was 
progressively overlapped so that the first strip received heavy 
rolling, the second strip medium rolling and the third light 
rolling. The same was done for the three strips on the bridge 
run- off. The range of construction voids was disappointingly 
small however and was virtually masked by the variation from 
sample to sample. 
Nineteen strain gauges were embedded in the strips as 
indicated on the plan in Figure 5.ll(a). They were located in 
the wheelpaths nearest the edge of the pavement to facilitate a 
safe connection to recording instruments without excessive cable 
lengths. Core samples and strain measurements were taken at 
periods of 0 and· 8 months before the project was ended late in 1971. 
CHAPTER SIX 
INTERPRETATION OF THE PHYSICAL EVIDENCE 
OF TRAFFIC COMPACTION 
The static physical data from the Testing Track and highway 
studies are analysed employing a statistical smoothing technique 
by digital computer . A number of indicators of the effect of 
traffic are considered and the influence of each testing parameter 
on these indicators is discussed . Correlation is made between 
the Testing Track and highway studies . The outline of a 
mechanism by which traffic compaction occurs is formulated . 
99 
6. 1 TREATMENT OF DATA 
6 .1.1 The Data and the Aim of Treatment 
The data discussed in this chapter include all the measure-
ments made on extracted core samples, measurements of surface profile 
and of particle orientation, and the photographic record of texture. 
These are all effects of a permanent or semi- permanent nature, The 
measurements of transient response of the pavement to a passing wheel 
,load are discussed in the following chapter. 
Data from experimental pavement studies are generally subject 
to a large amount of "random" variation which often obscures the 
significant trend. This random variation may arise from factors such 
as the non-homogeneity of the material and slight variations in 
boundary conditions . In order to isolate the significant trends it 
is necessary to use a statistical smoothing technique . This is true 
even for the reasonably controlled conditions of the Pavement Testing 
Track. 
In this case, the significant trends of various indicators 
of the compactive effect of traffic are required. For the Testing 
Track data these trends must be analysed separately for each combina-
tion of load and temperature conditions, i.e. for each testing Stage. 
In this way the distinct characteristics of each set of conditions is 
preserved and the relative effects of load and temperature may be 
compared . Correlation of these findings with normal highway conditions, 
which represent a mixture of these loading combinations, will involve 
consideration of all Stages together . 
It has been postulated earlier t hat some kind of "stable 
state" of pavement properties is attained when the pavement has 
developed sufficient resistance to the loading conditions so that no 
further permanent deformations occur. Preliminary tests at the 
track showed that this occurred after relatively few load applications. 
Analysis of the data should test this postulate against experimental 
evidence . At the same time the analysis should define the magnitude 
of such a stable state or, at worst, if the trend has not levelled off, 
it should reasonably predict the asymptotic value of the trend. 
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6.1 .2 Abstraction of Densification Data 
A program was developed to analyse the Testing Track data 
on the University's IBM 360/44 digital computer. Details of the 
program are included in Appendix VII but this section and sections 
6.1.3 and 6.1.4 describe its rationale and general functioning. 
The program analyses all the data for every loading condition 
for one strip before analysing the next strip. The initial or 
construction conditions, designated Stage o, are read in and stored 
in a subprogram named 11 C0NDAT11 (for Construction Dat a). This sub-
program when called estimates the initial conditions at any location 
on the strip within the initial data . It does this by simple inter-
polation in the longitudinal direction followed by fitting a curve 
by polynominal regression analysis to the values in the transverse 
direction, see Figure 6.1 . The smoothed values occurring over the 
trafficked path are then averaged to provide the datum conditions . 
The reason for this process comes from the directional variations 
observed in the construction data. There are significant variations 
in the transverse direction, principally with light compaction near 
the edges, but there are only small variations longitudinally, the 
direction of rolling . This subprogram is used for estimating the 
datum conditions for Stage 1 and is also used to establish the datum 
for a transverse profile of values across the path, a process 
described later. 
Traffic volumes were measured from zero at the beginning of 
trafficking for the testing Stage under consideration . At least 
three basic volumes of traffic are available taking into account the 
substages of testing: zero, intermediate and final, where the 
"intermediate" is generally about one third of the "final" and in some 
cases there are two intermediate volumes. In addition to this it 
. -r. 
should be noted that the number of type- pavement contacts varies 
transversely across the path, Figure 6.2, cf. 5.4.3, App. I, Figure 
4.1. For the symmetrical spacing of the four core samples across the 
path it can be seen that each one receives only a portion of the total 
number of load applications . The two outer cores receive approximately 
27.1% of the total for Series 0 and 1 and 19.6% for Series 2. 
Similarly, the two central cores receive 46.9% for Series 0 and 1, 
and 41.7% for Series 2. Figure 6.2 also demonstrates the code used 
Typica l s lab 
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--- r I r r r--;r--r 
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(a )Step One : Linear lnterpo /ation between adjacent 
co lumn subsets. 
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Mean determined for path width 
--------- Vehicl e Path ---- -------------
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Fig . 6 . 1 
EST/MA TION OF INI TIAL CONDITIONS FOR THE 
TESTING TRACK 
101 
100 - 46.9'/. · 
50 
9,8 9,6 9,4 9,2 9,0 
vehicles at 
9 .15m radius. 




c: Radial Distance from fixed centre (m.J 
CIJ 
[ (a) Series O and Series 1 
::,. 










Vehic le il' 9,15m radius 
'B' 9,30m " 
/ 96 revolutions. 




tJ, G 9,6 9.4 9,2 e.c 8,6 
Radial Distance from fixed centre ( m.J 
(b) Series 2 
Figure 6. 2 LATERAL LOCATION OF CORES AND PATH CODE USED WITH 
Final Valu,s 
from _ Pr~vious 
RESPECT TO TRAFFIC DISTRIBUTION 
S'.:~e~ portion{:(g ' UNO '(from outer r or tions 
of path of path 
g~ 
~ Shift DUO bn to UNO and obtain 7 
-centre porlion{~~ Composite curve 'rRE:S 0 
of path o'- - -.,; 
0 ', ' , 
....... 
C~=o~~=a=lon of path) 
Figure 6.3 
N.B. Applicable only to Stages 
subsequent lo Slage 1 
Stage Traffic 




to designate the location of each core within the trafficked path. 
On this basis the traffic volumes are computed for each core as 
the number of actual load applications received by the core. This 
step is made possible by the adoption of tyre inflation pressures 
that produce near-rectangular transverse distributions of contact 
pressure, q.v. 5.1.l(a). This step also adds another l evel of 
traffic volume to each substage mentioned earlier so that there are 
effectively a minimum of five traffic substages per Stage. 
It is expected then that the central cores should densify 
faster than the outer ones. If a stable state is reached, all cores 
should be at the same density by the end of a Stage, but this should 
not be presumed because the stable state postulate must be tested by 
experimental evidence. For Stage 1 of the testing, the pavement is 
starting with approximately uniform properties and hence every sub-
stage volume of traffic contributes to a single curve, Figure 6.3. 
For subsequent Stages however the initial properties cannot be 
presumed uniform if a single stable state has not been reached for 
the previous conditions. Hence the outer portion of the path is 
analysed separately from the central portion of the path, resulting 
in the curves 11 UN011 and "DUO" respectively. These two curves can 
be combined if initial conditions are assumed to not affect the final 
outcome of trafficking. The curve ''DUO" can be shifted hori zontally 
by an increment of traffic until its initial condition lies on curve 
11 UN011 • The two curves should then be superimposed, and the curve 
11 TRES 11 may be taken to represent the general trend with t raffic 
volume for the particular loading conditions. The curve "TRES" 
should exhibit a marked flattening in its latter portion if a stable 
state has been reached. 
Yet another check on the attainment of a stable state 
should come from the transverse profile of indicator across the 
trafficked path. Figure 6.4 shows the superposition of several 
traffic profiles at increasing volumes, cf . Figure 6 .2, on top of the 
equivalent profiles of resistance to compattion. After a traffic 
volume of Tl the centre of the path has just reached a stable resistive 
strength and after a traffic volume T2 > T1 a larger proportion of 
the path width should have attained this stable strength. In other 
• 
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6. 1. 2 (cont . ) 
words, the profile of "strength" should be becoming more square in 
shape than sinusoidal. This property is t ested in the subprogram 
"SQFN" (for Squareness Function) and is presented as an area ratio 
of the measured curve to the rectangular curve of equal height. 
The measured curve which is used is either a smoothed curve drawn 
through the profile points or a block-type curve, whichever gives 
the greater area, s ee Figure 6 . 4(b) . The "skew" of the curve is 
measured as the percentage departure of the peak value from the peak 
traffic, i.e . from the centre of the path . The datum values used 
are computed in the subprogram "CONDAT" already ment ioned : the 
estimated initial values at the two extremities of the path are 
averaged and then given double weight to ensure that the profile 
curve passes through these two data, 
6.1.3 Statistical Smoothing Techniques for Densification Data 
Given a selected and treated group of data containing some 
significant trends but also some less significant deviations from the 
trends, the task is to smooth the data statistically. Two important 
properties of such a trend are known and may be assumed from the 
start. Firstly, the trend may be represented by a "continuous" or 
"smooth" function rather than a discontinuous one , Secondly, the 
initial rate of change will be high but it will decr ease continuously 
as traffic volume increases . A third, but less certain, characteristic 
is that this rate of change should decrease to , or near t o, zero and 
should not reverse. 
There were very few techniques to choo.se from fo r such a 
non- linear function . The only general method pertinent to this case 
and available was a polynomial regression analysis developed as a 
computer program. The analysis fits an increasingly higher powered 
polynomial to the data until it obtains a "best fit" determined by a 
regression performed on the dependent variable. As an aid to the 
ensuing discussion a typical data set is illustrated in Figure 6 .S(a) . 
The polynomial is formed of positive integer powers so that, 
when applied to the data set in this form, with traffic volume as the 
independent variable it could generate an inflexioned curve usually 
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could begin to oscillate in order to reduce the deviation of 
scattered data . 
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An attempt to overcome this was made by reversing the 
variables so that traffic volume became the dependent variable. 
However this produced worse results because the deviation of a high 
point could be infinite for the expected smooth curve. So the 
analysis bent the curve around to incorporate that point which 
normally would be excluded, curve 11 B11 , 
The earlier approach with traffic volume as the independent 
variable was more 1promising and so this was resumed, This time the 
independent variable was reduced to a fractional positive power before 
being submitted to the analysis, so that the analysis developed a 
function of the form : 
_ n/n n- 1/n 1/n 
y - a x + a 1 x + ••••••• a1x + a n n- o 6(1) 
This process yielded satisfactory r esults, performing the regression 
in the desired direction and yielding a satisfactory curve of low 
power, curve 11 C11 , 
However the author desired to derive a characteristic 
function for the curve rather than a general polynomial function. 
He surmised that the asymptotic character of the tail of the curve 
might indicate a hyperbolic function. If this were so and if the head 
of the curve could be considered as a curtailed asymptotic function, 
then the function would be a rectangular hyperbola of the form: 
y-a = (cx-td)n 
b 6(2) 
where a,b,c,d and n are constants defined in Figure 6,S(c). N0 t e 
that lat is the value attributed to the stable state which is being 
sought. The curve could be treated in this form though it is 
difficult with four unknown constants. It is easier to transform 
the components into logarithmic form in order to obtain a linear 
function of slope n. To do this it is necessary to first know the 
constants a,c, and d to produce the function: 
log (y- a) = - n log (ex+ d) + log b 6(3) 
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This can be achieved on the computer by an iterati ve trial process of 
choosing an estimate of 1 a 1 and then trying successive values of ' c ' 
and 1d 1 until a best fit linear function is obtained. The process 
is repeated for various values of 1a 1 until the best possible fit is 
found. Although laborious it is feasible in principle . However, 
the method could not be i mplemented because it could not cater for 
any data scattered beyond the 1a 1 value. Such data gave rise to a 
negative argument for a logarithm. Furthermore, in that form the 
regression analysis would work against low values in favour of high 
v~ues because of the scale effect involved. 
The statistical smoothing technique finally adopted was 
that .of the polynomial regression analysis using fractional positive 
powers. It was fou_nd that the highest power necessary for a 
satisfactory curve was two. This also reduced the likelihood of an 
inflexion or reversal of curvature occurring in the curve. 
6.1 . 4 Selection and Weighting Techniques for Densification Data 
Even with the data abstracted in the man:..ier described and 
treated with a statistically smoothing curve-fitting technique, the 
presence of extraneous var i ations may significantly disturb the trend. 
For example, if thickness has an important influence, as has been 
suggested, then data from a sample whose thickness falls outside the 
range being considered ought to be excluded . Large thiclmess varia-
tions do occasionally occur near t he edge of a strip, near the end of 
a strip with transition to t he neighbouring one , and due to irregulari-
ties in the level of t he concrete base . Hence data is excluded if 
the core thickness is outside the extremes of those measured from the 
initial construction stage . While this may seem a very loose 
restriction stricter control could not be exercised without excluding 
too much data, cf . 5.3.3. 
Another loose selection process incorporated in the analysis 
was that the air voids during the first stage of traffic should not 
exceed 90% of the maximum single value of initial voids . This was 
included specifically to exclude one or two areas where mix segregation 
was thought to have occurred at the end of a paving run during 
construction. 
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A more important selection process was on the basis of 
sample shape. Clearly a sample with a distorted shape may produce 
doubtful results. On the basis of the shape and severity codes, 
q.v. 5.4,5, any badly distorted sample and any sample with a distorted 
shape that would significantly affect measurement of various indicators, 
such as stability, was excluded. 
The sample size for each strip is generally small ranging 
from 8 to 20 values in total and less if some are excluded. Thus a 
single large deviation in the region of maximum traffic can considerably 
divert the curve from its anticipated low or zero gradient. There are 
few logical grounds for excluding such a value in a small set but it 
does seem reasonable to give it a l esser weighting. It is difficult 
to develop a simple t est to determine which are these values . This 
is because the curve is not constrained to flatten in gradient or to 
prevent it reversing its gradient. Hence it would devalue reliable 
values as often as unreliable values, Thus a curve "flattening" 
device was incorporated in the analysis. It consisted of adding 
three arbitrary points into the array of variables beyond the range 
of maximum effective traffic (M.E.T.) at 120, 140 and 160% of the 
M.E.T. and giving them doubl e weight, see Figure 6. 5(b) . This device 
is a valuable technique in handling the polynomial regression analysis 
because it controls the curve immediately beyond the data region, 
curve C1~. The effect the device may have on weighting the data is 
secondary. The data i~ the region of M.E.T . generally has low 
scatter anyway and so most of this data may be regarded as reliable. 
The value attributed to these dummy points is the mean of the best 
two- thirds of the M.E . T. data, thus providing some weighting agains1 
a scattered value . 
6. 1. 5 Presentation of Densification Data 
The relationship between traffic volume and physical core 
properties were plotted by an IBM 1620/1627 computer and plotter from 
the output of the main program for the Testing Track data. These 
detailed graphs are included in Appendix VI, Figures VI . 19-38. One 
of these is reproduced in Figure 6. 6 for description purposes . The 
relationships and the data for air voids, stability and bearing capacity 
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6. 1. 5 (cont. ) 
are given in separate graphs for each strip . Each graph is composed 
of a series of discontinuous curves. These are the sets of three 
curves UNO, DUO and TRES generated in the analysis (6.1.2 para. 4) 
fo r each combination of loading conditions, described as a "Stage" of 
testing. Each set of curves is the result of a different loading 
condition and hence these sets are not linked and must be regarded 
separately. 
For example, examination of Figure 6.6(a) shows that the 
· pavement densifies to 2.6% air voids under trafficking at 25°c by a 
wheel load with 280 kN/m2 contact pressure ("Testing Condition 111 ). 
Similarly, at a pavement temperature of 40°c, the same wheel load 
("Testing Condition 211 ) densifies the pavement further to 1.2% air 
voids, according to the composite curve TRES which is taken as the 
master curve. All the graphs are to be interpreted in this manner. 
Hence the corresponding maximum values of stability and bearing 
capacity for Testing Conditions 2 are 7.2 kN and 1040 kN/m2 
respectively. 
It may be noticed that the beginning of a curve in Stages 
2, 3 or 4 does not always correspond to the tail of the preceding 
curve. This occurs because the initial value fo r the curve under 
consideration is the final condition of the lightly trafficked outer 
portion of the path. The tail of the preceding curve is the 
statistically predicted stable state for the existing conditions and 
is likely to be ·1 greater' than the final state of a lightly trafficked 
area. The analysis shows such an effect, it does not predetermine it. 
This method of presentation allows a ready assessment of the 
comparative effects of the various loading conditions. The results 
may be adapted to any set of load and climatic conditions by a 
combination of these testing Stages. 
In this chapter only the master curves obtained from the data 
for each strip are used. To simplify discussion of the results the 
curves from various strips are collected in groups in Figures 6.7 -
6.14 and a tabulated summary of the computer output is given in Table 
VI-I. The analysed data may be referred to in Appendix Figures 
VI . 19-38 if desired. 
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These pages are fold- out sheets of Figures 6,7 to 6.20 . 
For binding purposes they have been placed at the end of 
this chapter after p.167, 
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Data from the highway studies on the Main North Road and 
the Northern Motorway were processed manually and are presented in 
detail in Appendix VI. Only the processed curves are presented in 
this chapter for discussion, Figures 6.15, 16. 
6.1.6 Abstraction of Data of Permanent Deformation from Transverse 
Surface Profiles 
The transverse profiles of permanent deformation recorded by 
the profilometer were measured by superimposing the data chart on the 
chart representing initial conditions. The profiles of net permanent 
deformation so measured were transferred to a graph with a vertical 
exaggeration of 60:1, q.v. Appendix Figures VI. 39-58. They were 
quantified using a planimeter to obtain the average net permanent 
deformation, the standard deviation from this average (a measure of 
rutting distortion within the path), and the maximum rut depth. 
The quantified characteristics are tabulated in Appendix 
Table VI-II and depicted collectively here in Figures 6.17, 18. 
Possible error in an individual profile is estimated to be± 0.5-1.0 llDll 




Sequence of Discussion on the Results 
The selected developed results are discussed in the following 
Firstly, the information obtained from the indicators of 
density and air voids, stability and flow, bearing capacity, square-
ness functions, transverse surface profiles, surface texture and skid 
resistance is discussed. Then the effects of imposed conditions and 
mix design are considered in the terms of these indicators and the 
results of a pilot study on particle orientation is presented. 
Finally, a thesis on the mechanism of deformation is formulated to 
account for these observations. 
6.2 DISCUSSION OF THE INFORMATION GAINED FROM THE INDICATORS 
6.2.1 Density and Air Voids 
Bulk density and the consequent parameter of air voids has 
long been the simplest and most popular indicator of the condition of 
an asphalt concrete surface course. Bearing in mind the distinction 
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made earlier between density and structure, and the need to study the 
effect of imposed stresses by compatible parameters, namely stress 
and strain, how valuable are density and air voids as indicators? 
The magnitude of air voids is dependent on the density 
assumed to represent the zero air voids (Z.A.V. ) condition . While 
the magnitude is open to errors of the order of± 1 air voids units, 
the relative trend of the air voids value will be much more accurate 
since all values for any one mix design have been calculated on the 
basis of the same Z.A.V. density. 
A study1 of the results summarised in Figures 6.7 - 14 
yields the following observations on the value ·Of air voids as a 
parameter . 
(i) There is a significant t r end in all the data of 
decreasing air voids under the repeated loading action of traffic 
for each testing condition, so long as the pavement is not severely 
distorted. However the raw data in Appendix VI, Figures VI. 19- 38 
show that there is sometimes a large amount of scatter amongst 
individual measurements so that there is a possibility of apparent 
contradictions to such a trend. This contradiction is definitely 
not significant when the data is treated statistically as described 
in the previous section, but it may appear to be extraordinary in 
cases such as Strips 14 and 15. There, the air voids values 
attained under Testing Conditions 3 appear to be slightly higher than 
those attained under Testing Conditions 2, but this is not si gnificant. 
The qualification on the shape of the pavement mentioned in the initial 
statement of this clause is amplified in Clause (iii) .• 
(ii) The amount of scatter .in the air voids value decreases 
under traffic. · This may be gauged quantitatively from the 95% 
-confidence limits quoted in Appendix Table VI- I. 
At worst, these limits initially are± 1- 2.5 a.v.u. and 
eventually decreasing to± 0.3 - o.8 a.v.u. Strip 17 has the most 
consistently low scatter (0.57 - 0.24 a.v.u.) and Strip 13 shows one 
of the most marked decreases in scatter (2.50 - 0.83 a.v . u . ) . 
However, the scatter for some strips such as 04, 01, and 22 increases 
in the latter stages and for some other strips such as 12, 26 and 28 
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it remains relatively high throughout. There are three possible 
explanations for these anomal,ies. Firstly, a wide scatter, as in 
the latter anomaly, will be preserved if the initial air voids 
condition does influence the final condition. This is discussed fully 
in Section 6.4 but indications are that it is a contributing factor under 
the less severe testing conditions. Secondly, it may be the result of 
thermal cycling. This was an explanation considered by Epps et al8 but 
found to be not significant. This was not checked by the author. The 
f 
third explanation is considered in the following clause . 
(iii) . An increase in air voids value or scatter may be caused 
by distortion of the pavement. If the pavement becomes severely 
distorted in shape it is said to have become unstable under those 
loading conditions. Such instability arises when insufficient 
resistance is developed to support the imposed load without excessive 
deformation. Such excessive deformation coupled with low lateral 
support gives rise to significant horizontal stresses, lateral movement 
and upthrust in areas adjacent to the loaded area. This is far from 
the normal condition and would probably cause a decrease in density and 
an increase in air voids. This is borne out by strips 04, 01 and 22, 
Table VI- I. However, some other strips suffering distortion such as 
02, 14, 16 and 24 do not show as strong a reversal influence on air voids . 
(iv) The magnitude of the air voids value at stable state 
is generally equal to or lower than _the design air voids value after 
Stage 2. However, if the air voids of the laboratory-compacted samples 
taken from the plant during production are used as a measure it can be 
seen that nearly all of the strips reached the predicted final air void 
content only after Stage 4 or 5 of testing. The mixes on the Main 
North Road achieved an air voids value slightly lower than predicted. 
These observations imply (a) that the 75-blow Marshall density appears 
to be a satisfactory guide to the final stable state density and 
(b) that the Testing Track simulation of trafficking appears to be 
producing realistic results. These implications are discussed in 
detail in Sections 6.3.3 and 6.7: Some discrepancies are nevertheless 
to be expected, both because of the empirical nature of the measure 
and because of production variatibns . The quality control of the 
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batch plant used for the track mixes was better than± 1 kg in 
30 kg of bitumen in a 500 kg batch. This produces expected 
limits of± 0.5% on the calculated Z.A.V. density, that is 
± 0.5 a.v.u. on the design air voids . 
(v) The distinction between density and structure is 
unlikely to be very significant in the surface course situation. 
The structure is probably highly developed during construction 
rolling and traffic action is likely to have only a small influence 
on that structure. Hence the changes in density and air voids are 
probably a good r elative indicator of strength in this case. 
Structure may be significant, however, when construction densities 
differ for the same mix. 
6.2.2 Stability and Flow 
The parameter of Marshall stability, despite its empiricism 
and the cautions mentioned earlier, is a more direct measure of 
pavement strength than density. Is it a more valuable indicator in 
this case? 
(i) The stability of extracted cores increases under the 
action of traffic for each testing condition, provided the pavement 
is not badly distorted in shape. While the trend is very similar to 
the increase in density it is not always comparable. On a few 
occasions there is an increase in stability when there is virtually 
no increase in density, e.g. Strips 23 and 26, Stage 3, and in one 
case, Strip 13, Stage 4, there was negligible increase in stability 
for a significant increase in density. However, these departures 
from the general trend are few and are probably explained by the high 
incidence of scatter discussed in the next clause . 
(ii) The stability data exhibits a high degree of scatter 
which does not improve under the action of traffic. The 95% 
confidence limits are of the order of± 0.8 - 3.0 kN which are the 
equivalent of about 10 - 40% of the value being measured. Such 
variations probably derive from experimental method. They are 
unlikely to be caused by actual variations of the material composition 
of the specimen because these are more likely to be reduced under 
trafficking in the same way as density variations were reduced. 
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(iii) There is a significant correlation between the 
stability and air voids of a core specimen. Stability increases 
as the air voids value decreases in a simple exponential relationship 
of the form 
-b S = aV 
where S = Marshall core stability at 50°c (Newtons) 
V = air voids(%) (i.e. a.v .u.) · 
a, b are constants 
6(4) 
A linear regression analysis was performed on the log-log form of 
these parameters and the results for the eight different mix designs 
with some subdivisions by pavement thiclmess are shown in Appendix VI, ~• 
Figures VI. 59-71. General observations from these figures are: 
(a) For the same aggregate gradation, the stability becomes more 
sensitive to air voids as the asphalt content decreases i.e. the slope 
becomes more negative (Mixes A,B,C, Figures VI. 59,61,64, and 
Mixes D,E, Figures VI. 65,66). 
(b) ~or Marshall - designed mixes with 80/ 100 pen. asphalt, the 
9 . 5 nun aggregate has slightly higher stability than the 16 nun mix 
(Figures VI. 60-63, 67-69). This observation is surprising because 
it is generally recognised that stability tends to decrease as the 
rnaxinrum aggregate size decreases . However, the difference between 
the two mixes is very small, probably because the angular nature of 
the crushed aggregate has a dominant influence. Hence the stabilities 
of these mixes are not very sensitive to maY.imum aggregate size, a 
conclusion which becomes significant later in the consideration of 
layer thiclmess. 
(c) The high viscosity Marshall-design mix, B, has a higher stability 
than the low viscosity Marshall- design mix, D, cf. Figures VI. 61 and 
65. 
(d) Pave~ent thickness, and consequently the internal structure of the 
mix, may have a slight influence. For Mix B, Figures VI . 60-63, 
the slope of the regression line becomes less negative as the thickness 
increases while the stability at design air voids (4.0%) remains nearly 
constant. This trend however is not well confirmed by Mix F, 
Figures VI. 67- 69,where the curve for the intermediate thickness is 
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steeper than those for the other two thicknesses. It is probable 
however that the regression line for the thin thickness, Figure 
VI. 67, would be much steeper but for two stray points. 
(e) The core specimens tested from the Main North Road test area, 
though few in number, show similar relationships for stability, 
cf. Figures VI. 61, 70 and VI. 65, 71. 
(iv) There is a similar correlation between the flow value 
and air voids. The flow value tends to decrease as air voids 
decr ease although it is not nearly as sensitive to voids as is 
stability. However, in three cases, the flow value tends to 
increase, Figures VI.61,70,71 . The trend in Figure VI.61 has been 
swung by a stray value in the bottom right corner and in the other 
two figures the data sets are ver-J small so not too much importance 
is attached to these. 
(v) The flow value is subject to as much scatter as 
stability, being in the order of:!: 20%. Again, this scatter is 
probably due to experimental rather than material variations . 
This is substantiated by the fact that bearing capacity values 
computed from both stability and flow show just as nruch scatter . 
(vi) The magnitud e of the core stability tested at 50°c for 
the stable state of Stage 4 is generally very close to the stability 
of the moulded design block tested at 6o0 c. This may be seen in 
Figures 6.9 - 14 and comparison may also be made with the 50°c 
stability of the moulded design block estimated from equation 5(2). 
Similarity between the core at 50°c and the block at 6o0 c is 
coincidental but it does demonstrate the very nruch lower measured 
stability of a core sample . The explanation already proffered for 
this is the difference in interparticle structure between the two 
cases, q.v . 2.3 .2. 
(vii) Flow value seems to be an important factor in t he 
compaction characteristics of a mixture . Since the stabilities 
of all the mixes are similar and the flow values cover a wider range, 
the flow value seems to have a better prospect of providing an 
explanation for the wide range of densification characteristics. 
Thus an hypothesis is tentatively proposed for later consideration : 
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"The flow value, being a measure of the deformabi l ity of 
a mix, is a major factor in determining the compaction character -
istics of an asphalt concrete mixture" . 
6 .2. 3 Bearing Capacity 
The indi cator of bearing capacity, q.v . 2. 3.2, eqn . 2( 10) , 
though determined f r om t he empirically based values of stability and 
flow, has at least a modi cum of theoretical justification. Was it 
any more consistent in indicating the condition of the surface cours e? 
(i) The bearing capacity generally increases under the 
action of t r affic fo r each test condition although t his was sometimes 
masked by scatt er. 
(ii ) As an indicator, bearing capacity bears no better 
relationship t o the l oadi ng conditions than does stability. It was 
hoped that i t might produce a unique stable state value f or each 
testing condition but t he ranges obtained were wide: Stage 1, 
500-1000 (kN/ m2) ; Stage 2, 600-1150; Stage 3, 800-1200; Stage 4, 
900-1300; Stage 5, 1200-1500 . One of the better exampl es, however, 
is t hat of Strips 16 and 18 (Figure 6 . 11) where the stabilities ar e 
low and quite different in the final stable state and yet the 
cor r espondi ng bearing capacities are in the normal range and close 
t o one another. For a mix such as t hese with a stability t hat is 
nearly constant over a wide range of mix designs, bearing capaci ty 
is no better an indicator than air voids or stability. For 
mixtures which have stability and flow values that are more sensitive 
to mix design than these, t he situation may be very diff erent . 
6 .2.4 Squareness Functions 
The squareness f unction test, which was applied t o all the 
Testing Track data during the computer analysis, was intended t o 
give some confi rmation to the stable state theory. It was ar gued 
that if the mix were to reach a single stable st ate under certain 
imposed loading condi tions then all areas of the pavement undergoing 
traffic should tend t o reach a uniform level of indicator after 
extensive t r afficking . 
value of the indi cator. 
This uniform level is the stable state 
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The postulate may be tested by examining the calculated 
squareness functions tabulated in the right-hand columns of 
Table VI-I. The functions should be read in vertical groups of 
two or three determined by the stage of loading given in the second 
column. For example, Strip 13, during Stage 1 loading shows an 
increase of squareness function for air voids from 0.67 at substage 
11 to 0.73 at substage 12 of trafficking. The corresponding 
functions for stability and bearing capacity are 0.71 to 0.71 and 
0.72 to 0.73 respectively. 
Study of the results reveals that the trend to a squarer 
function is certainly not highly significant. One of the roore 
significant examples of a positive trend is Strip 14. The 
increases in air voids function of 0. 69 to 0.80/0. 76, 0.70 to 0.80, 
and 0.76 to o.80 for Stages 2, 3 and 4 respectively do show a 
tendency to a greater squareness. The trends, however, are not as 
obvious as was hoped. The function is expected to increase slightly 
as the loading increases in severity because the indicators themselves 
are increasing. Any other trends within each stage must now be 
classified as insignificant. Why is this so when the graphed 
densification functions seem to provide such strong evidence for the 
stable state theory? 
The explanation of the lack of significance probably lies 
both in the function itself and in the veracity of one of its basic 
assumptions. In the function itself, the basic area was calculated 
using the maxinrum indicator value as height, Figure 6.4. If one 
value was abnormally high and the area was average or small the 
squareness function would be drastically lowered. This is particularly 
evidenced by very low values such as 0.22 for the air voids function of 
Strip 11, substage 12, but it is also likely to be a contributing 
factor in many other cases. The other possible explanation of 
insignificance is the veracity of the assumption that initial 
conditions have no effect on the stable state conditions. If this 
were not true then much of the curved nature of the profile of values 
across the path would remain in succeeding stages. The effect of 
initial density is discussed later in section 6.4. 
133 
6.2.4 (cont.) 
There is one further possible explanation for the lack 
of significance. It may be noticed from Table VI-I that the 
data from Test Series 2 tends to show a rather more consistent 
positive trend. This suggests that the non- uniformity of 
traffic in Series 1 may have adversely affected the squareness 
function. In addition to that, if horizontal stresses under the 
vehicle tyres were high they could cause distortion of the simple 
situation envisaged in developing the squareness function postulate. 
6.2.5 Transverse Surface Profiles 
The recording of the transverse surface profiles by a 
simple profilometer was an imprecise measurement because its sole 
intention had been to detect the onset of excessive deformation 
and distortion. In fact, as an indicator of pavement performance, 
it yielded more than this. The results are depicted in Figures 
6.17, 18 and are presented in detail in Appendix VI, Table VI-II 
and Figures VI. 39-58. 
(i) The mean permanent deformation increased under the 
action of traffic. The magnitude of this was fairly consistent 
between strips in Test Series 1 giving a final mean deformation of 
approximately 2.2 mm, that is approximately 4.5% of the surface 
course thickness. In Series 2 the magnitude was not so consistent 
varying from 1.4 to 4.5 mm or approximately 2 - 12% of the surface 
course thickness. 
(ii) On the assumption of a constant mass of material per 
unit area, the mean deformation/unit thickness should correspond 
with the increase in density. In Series 1, the approximate mean 
deformation is 4.5% compared with density i ncreases in the range of 
2 - 4%. Allowing for some lateral material movement which did occur 
in Series 1, see Clause (vi), and also for the inaccuracy of the 
profile measurement, this is a satisfactory correlation, In Series 
2, there is a similar correlation with t he measured deformation 
tending to exceed the corresponding increase in density by approxi-
mately 50%. In the best case, Strip 25, the two are nearly equal 
at 2.3% and 2.2% respectively and in the worst case, Strip 28, the 
former is double the latter with 12 . 5% and 6. 2% respectively. 
Lateral movement was not as significant here as in Series 1 and so 
the difference is probably attributable solely to experimental error. 
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(iii ) Increases in mean permanent deformation were 
generally immeasurable or small in Stages 1 and 3, the low 
temperature conditions, and they were significant in Stages 2, 
4 and 5, the higher temperature conditions. However, there 
were a number of exceptions to the former generalisation for 
Stage 3. Strips 14, 15, 16, 17 and 18 showed increases in 
deformation that were significant. Since these were accompanied 
by a negligible change in density it is considered that the 
difference is probably the result of experimental error. Another 
possible cause is thermal expansion because the profiles for Stage 
2 were measured while the pavement was still hot. However, the 
contribution of thermal expansion is small . 
(iv) The larger increases in mean deformation are 
generally accompanied by an increase in distortion. A measure of 
distortion is given by the average deviation from the mean depicted 
in Figure 6.18. The deviation is generally high in Stages 2 and 
4 and sometimes very high in Stage 5. It generally decreases in 
Stage 3 when the combination of heavier load and low temperature 
restore some uniformity to the deformations. 
(v) The uneven distribution of traffic in Series 0 and 1 
before the testing vehicle was modified resulted in more surface 
distortion and higher average deviations for t .hose series than for 
Series 2. A study of the exaggerated profiles included in Appendix 
Figures VI. 39-48 shows predominant wheel ruts at both edges of the 
path. In Series 2, however, the deformation is much more uniform 
across the path until the severe conditions of Stage 5 when distortion 
becomes significant. 
(vi) The postulated mechanism of rutting is given graphic 
support by the more severely distorted pavements, e.g. Strips 02, 04, 
12, 16. The mean permanent deformations in the trafficked path are 
close to those of the other strips and compatible with the change in 
density so that the volume of material involved is approximately 
constant. The ridges must therefore have formed from material 
squeezed out of the valleys and thrust upwards adjacent to the loaded 
area. In extreme cases, where ridges have developed immediately 
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outside the trafficked path, it seems likely that some material 
has been thrust out from the area of the trafficked path. This 
would cause a net loss of material mass from the trafficked path 
and would increase the apparent mean deformation. 
6.2.6 Surface Texture 
Changes in the surface texture of the pavement due to 
traffic action may have a significant effect on tyre-pavement 
friction or skid resistance. One of the major reasons for the 
upper limit on design density, namely that giving 2-3% air voids, 
is that the pavement will always maintain an adequate margin from 
the zero air voids condition. As the voids approach the z.A.Vo 
condition, flushing of the binder to the surface is probable with a 
consequent loss of tyre-pavement friction. Only the significant 
examples of texture from the photographic record are included in 
this thesis. 
(i) In the first preliminary test strips, there was a 
noticeable change in surface texture over the period of high loading 
and very high temperature conditions, 620 kN/m2 and 6o0 c at middepth . 
lliere was an erosion of fines from the surface exposing some of the . 
larger aggregate particles, as has already been seen in Figure 
5.6(a),(c). There was also on Strip 02 a marked incidence of 
microcracking, Figure 5.6(d). This appeared to be a prematurely 
induced ageing effect with a breakdown of the asphalt film between 
clumps of particles. 
(ii) Both the low viscosity mix on the Main North Road 
and its replica on the Testing Track, Strip 16, showed fine slicks 
of free bitumen on the surface after 21 months and Stage 2 of 
trafficking respectively. They were then at air voids contents 
of 2.3% and 1.3% respectively. 'Ihis is discussed further in 6.7. 
An important point however is that the texture on the Main North 
Road strip was much smoother and closer than on the Test Track 
strip. This appeared to be the direct result of the presence of 
engine oil, tyre rubber and fine dust on the North Road strip, 




(iii) In the main track test series the changes in texture 
were slight, cf. 6.6.1 and Figure 6.21. Lean mixes tended to 
retain their dry appearance even with some tyre black, although the 
texture did close very slightly. Normal mixes generally retained 
a good sandpaper-type texture throughout testing. Richer and 
finer mixes generally gave a closer texture but never became very 
smooth. Even Strip 16, mentioned in the previous clause, retained 
a large degree of sandpaper-type texture. 
6.2.7 Skid Resistance 
A study of skid resistance was made to determine whether 
this changed significantly for the changes occurring in surface 
texture. The data determined using a pendulum skid tester are 
given in Table 6-I. 
(i) The values are high, all being in the region of 
62-75 for critical wet conditions and implying a minimum coefficient 
of friction of approximately 0.62-0.75. 
(ii) The values for each strip are close to one another 
implying that asphalt type and viscosity for this constant aggregate 
gradation has little influence on this measure of skid resistance. 
This covered a range of coarse textures, such as Strips 13 and 18, 
to fine close textures, such as Strips 14 and 16. The value 
remains high for Strip 16 despite the appearance of some bitumen 
slick on the surface. 
(iii) There is negligible change in skid resistance during 
-
trafficking, the mean value varying by no more than± 2 for any 
strip. 
(iv) While these pendulum,..tested skid resistance values 
are high, the fine, close-textured surfaces are likely to induce 
the onset of hydroplaning sooner than the coarse-textured surfaces. 
The presence of engine oil, tyre black and fine dust on normal 
highway pavements is likely to be a major factor in this. 
6.3 
6.3.1 
THE INFLUENCE OF LOADING CONDITIONS 
Traffic Volume 
In nearly every densification function from the Testing 
Track there is a rapid change in the indicator in the first 
TABLE 6-I SKID RESISTANCE RECORD 
TEST TRACK 2 SERIES 1 
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STRIP I.OCA- Skid Resistance1~at end of Testing Stage Number 
NO. TION 0 0 1 1 2 3 4 
dry wet dry wet wet wet wet 
11 A 100 70 100 66 67 69 70 
B 101 65 100 65 65 66 65 
C 100 68 100 67 65 66 66 
D 99 70 99 68 68 69 68 
12 A 96 69 101 70 69 69 70 
B 98 65 100 66 65 68 67 
C 98 65 101 69 65 66 - • Hf-
D 95 65 101 69 67 66 69 
13 A 88 70 95 69 75 70 76 
B 98 70 99 65 65 67 68 
C 99 68 105 · 71 66 67 70 
D 103 70 104 70 69 70 75 
14 A 92 64 102 66 69 64 67 
B 98 60 100 64 65 65 68 
C 100 65 103 65 66 65 68 
D 100 68 100 65 69 68 69 
15 A 96 66 100 70 75 72 74 
B 100 70 101 70 70 68 70 
C 98 70 100 70 70 70 74 
D 95 69 101 70 73 71 75 
16 A 91 61 98 64 67 70 70 
B 98 62 100 62 65 68 67 
C 92 61 100 65 67 68 66 
D 100 72 98 65 68 70 71 
17 A 93 65 100 69 70 69 69 
B 98 68 100 65 66 67 68 
. c 100 70 100 69 67 69 68 
D 95 66 99 67 68 70 70 
18 A 100 65 103 69 69 67 70 
B 96 65 100 65 66 69 70 
C 100 67 100 68 66 68 69 
D 95 64 100 65 69 70 73 
*All values measured by pendulum skid tester. 
• H~No reading because of slope from excessive surface distortion. 
N.B. Each value is average of 5 readings. Locations A,B,C 
and D refer to the four quarters of the path width at the 




500-1000 passes of the testing vehicles. This is shown as a 
steep initial gradient on the curves in Figures 6.7 to 6.14, 
negative for air voids and positive for stability and bearing 
capacity. Similarly, on the Main North Road and Northern Motor-
way test areas there is a rapid change during the first l00,000-
200, 000 passes of mixed vehicular traffic, Figures 6.15, 16. 
It is fair to state then that, in most cases, under repeated 
vehicle loading, t he initial change in indicator is rapid. The 
only cases where this does not hold are those that are in, or 
very nearly in, the stable state for the new loading conditions. 
In these cases the curves have a zero or very small gradient. 
The magnitude of this initial rapid change and t he 
continuing rate of change seem dependent on the relative magnitudes 
of the initial and stable conditions. For example, Strip 11, 
Mix B in Figure 6.9 undergoes negligible densification to Stage 1 • . , 
In Stage 2, however, with the higher temperature, it densifies from 
4.0% to 2.6% air voids during 10,000 passes of the testing vehicle 
and one half of that density gain is achieved in the first 1000 
passes. 
The continuing rate of change seems to vary in nature. 
Where a large change in state is occurring, the rate of change 
remains fairly high, decreasing slowly, e.g. Strip 13 Stage 2; 
Strip 27 Stage 2· 
' 
Strip 16 Stage 2; Strip 26 Stage 2 and 
Strip 28 Stage 4. Where a smaller change in state, of the order 
of 1%, is occurring the rate decreases rapidly to a low value 
becoming zero after a few thousand passes, e.g. Stage 3 for most 
strips, Strip 1 Stage 1, Strip 22 and 25 Stage 1, etc. 
The scatter of indicator values generally decreases during 
the period of trafficking, cf. 6.7.3. 
6.3.2 Load and Temperature 
The relative influences of imposed load and material 
temperature may be assessed by comparing the effects of each combina-
tion of testing conditions from Figures 6.7- 14. 
1~ 
6.3.2 (cont.) 
(i) The light conditions of Stage 1, low load and low 
temperature, have a significant effect in compacting the pavement. 
While the effect may not be as large as in some other stages, it is 
sufficiently large to increase the indicator by 1 to 2% in most cases. 
The conditions caused little change in the optimum and lean mixes, 
Strips 11, 13, 15, 17, etc., some of which had high air void contents. 
However they caused a significant change for the rich mix, Strips 12 
and 14, even though it was low in air voids content . 
(ii) In all cases, the higher temperature of Stage 2 
testing conditions caused a distinct change in indicator. This 
change was usually of the order of 1,5% although it was rather less 
for the lean mixes C and Eon Strips 15, 17 and 18, and for the 
mixes of low air void content such as the rich Mix A on Strip 12. 
The calculated decrease in binder viscosity that produced these 
changes was from 95 to 2,9 m2/s for the 80/100 pen. asphalt and from 
11,9 to 0 . 61 m2/s for the 180/ 200 pen. asphalt, the effect on 
stability may seem less than on air voids from the figures but this 
is a scale effect and it is, in fact, comparable to the effect on 
density. 
(iii) Stage 3 testing conditions with high load and low 
temperature generally have a negligible effect on the stable state 
achieved during Stage 2. Exceptions to this are Strip 18 where 
the density and stability increased by approximately 1%, and Strips 
23 and 25 where stability increased with negligible change in density. 
Strip 22 is a special case because it did not undergo Stage 2 due to 
failure of the heating elements. The evidence of Strips 23 and 25 
is not considered significant in the light of the higher accuracy of 
the density measurement over the stability measurement, and of the 
strong relationship between stability and density discussed earlier. 
The evidence of Strip 18, however, is more significant and may be a 
lead to understanding the mechanism of compaction. For instance, 
in the case of a lean mix where the binder film is thin it is 
possible that a 20-fold increase in viscosity is insufficient to 
counteract a two~fold increase in load, which is the situation for 
Strip 18. This is not corrobated though by Mix c, also lean, on 
Strips 15 and 17, although there the viscosity increase was 35- fold. 
This matter is also discussed in 6 . 6.2 . Despite the fact that the 
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conditions of Stage 3 are less than or equal in severity to those 
of Stage 2, they are still sufficient to cause a significant 
decrease in the scatter of indicator values. This implies that 
Stage 3 conditions are very close in severity to those of Stage 2, 
close enough to increase uniformity but not great enough to change 
the stable state conditions. 
(iv) The high load, high temperature and low viscosities 
of Stage 4 generally induce a further significant change in 
indicators. However, the change is smaller than in Stage 2 and 
generally of the order of 0.5%. The mixes of low air void content 
undergo negligible change, and so do the lean mixes on Strips 15, 
17 and 18. Where there was a differential in construction density, 
the initially denser mix has only a very small change while the less 
dense mix has a greater change and approaches close to the denser 
one, e.g. Strips 15 and 17, 11 and 13. 
(v) In Test Series 2, a fifth stage of abnormally high 
temperature, 50°c, was run to provide an extreme limit of testing 
conditions. All strips have a further significant change in 
indicator and plant values are reached in every case . This makes 
it very clear that any stable state the pavement reaches is stable 
only for the severest loading conditions that have existed for a 
reasonable period. The stable state can be changed if the pavement 
is subjected to more severe loading conditions. 
6.3.3 Magnitude of Stable State Conditions 
The magnitude of the stable state conditions reached in 
each case equals or exceeds predictions, yet the magnitude of imposed 
load and of material temperatures are representative of normal 
highway conditions. Full comparison of the track and highway 
studies is made in section 6.7 but if Figures 6.9 and 6.15(a), and 
6.11 and 6.15(b) are compared it will be noticed that there is not 
much difference between the stable states achieved after Stage 2 on 
the Track and on the Main North Road. The stable states for 
Stage 4 on the Testing Track exceed the normal conditions slightly 
and the stable states for Stage 5 are clearly higher still. Hence 
there is evidence to infer that reduced vehicle speed, or increased 
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load duration is producing slightly higher densities as well as 
its expected effect of accelerating the densifying process, 
cf. 6. 7. 3. 
6.3.4 Some Thoughts on the Mechanism of Influence 
The observations in this section on the influence of 
traffic volume and load and of temperature prompt some thought on 
the mechanism of compaction by these factors. Imposed load 
stresses tend to force the aggregate particles closer together in 
an intimate matrix. This is resisted partly by interparticle 
bearing and partly by the viscou,s resistance of.the binder. At 
low temperatures, high viscous resistance is likely to inhibit any 
alteration of the general interparticle structure by imposed 
stresses although it will probably allow particles to move closer 
together without significant change in disposition. This explains 
why Strip 11 with a stable dense structure was unaltered in Stage 1 
of testing. At higher temperatures, the viscous resistance is 
lower per-¢ tting more flow of the binder and hence some reshuffling 
of particles into a denser, stronger structure. This may be 
accompanied by reorientation of some particles. 
Essentially, it seems that a certain amount of work energy 
is r,equired to cause restructuring as well as densifying of the 
mixture. This energy level is more effectively reached by lowering 
the viscous resistance than by increasing the imposed load. 
I 
THE EFFECT OF CONSTRUCTION DENSITY 
Density 
The effect of initial conditions on the magnitude of the 
stable state conditions determines how critical are construction 
specifications. Mixes A, B, C and D were tested for this at the 
Testing Track, Figures 6 . 9, 12, and what was intended to be Mix B 
but designated Mix J, was tested on the Northern Motorway Test 
Area, Figure 6 .16. 
The results are presented in Figures 6.19, 20 in a special 
form that highlights any dependence on construction conditions. 
The density at a certain stable state condition is plotted against 
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the construction density appearing as one point on the graph. 
These densities are plotted as percentages of design density so 
that there is a ready comparison between different mixtures. 
All such points for those tes~ing conditions but different 
construction conditions are joined by a line. If the stable state 
density is independent of construction density then these points 
will lie on a horizontal line indicating that no matter what the 
construction density this stable state density will be reached under 
these loading conditions. A line of zero slope is then indicative 
of "zero significance". In contrast, if the stable state density 
is highly dependent on construction conditions then the line will 
have a positive slope as illustrated . 
The data from the Testing Track is presented n this manner 
in Figure 6.19. For each mix except Mix A there is a tendency for 
a high significance under Stage 1 testing conditions, gradually 
decreasing to only a slight significance at Stage 4. This seems to 
indicate that the less dense and strongly-packed structure associated 
with lower construction densities is not forced into the form of the 
highly-packed structure until heavy loads and high temperatures are 
imposed. 
The data for Mix A in Figure 6.19(a) follow the same 
general trend although the Stage 1 curve is reversed in slope. 
This anomaly is the result of the heating failure on that Strip 
during Stage 2. 
The data from the highway test areas are presented in the 
same manner in Figure 6.20. Both mixes on th~ North Road area show 
a fairly strong dependence on initial conditions. The mix on the 
Motorway area shows a fair but slightly lysser dependence on initial 
conditions and this is independent of base flexibility. This 
lesser dependence probably stems from the more open grading of 
Mix J which has a higher flow value and a looser p~rticle structure 
that is easier to reorientate. 
Permanent Deformation 
Construction density surprisingly has little apparent 
influence on either the magnitude or the variation of permanent 
deformations. Reference to Figures 6.17, 18 shows that the normal 
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mix on Strip 11 performs slightly better than the initially less 
dense mix on Strip 13, the lean mix on Strip 15 performs no better 
than on Strip 17, and the rich mix on Strip 12 performs no better 
than on Strip 14. This is surprising because the density change 
is greater on the less dense strips than on the dense ones so that 
the deformation is expected to be larger for the less dense strips. 
Obviously, if this did happen, the measuring technique was 
insensitive to the difference . 
6.5 
6.5.1 
THE EFFECT OF SURFACE COURSE THICKNESS 
Density 
A thin surface course is expected to have a greater 
stability under imposed load due to the interaction of confining 
frictional stresses at the boundaries. If this were significant 
it ought to be evidenced by a higher resistance to compaction than 
for thicker courses of the same mix. 
In Series 2, Strips 21 and 27 (38 mm thick), 22 and 25 
(60 mm) and 23 (95 mm) represent a range of surface course thickness 
approximately equivalent to 2, 4 and 6 times the maximum aggregate 
size for Mix B. Reference to Figµre 6 .12 shows that it is 
difficult to distinguish a significant effect of thickness from the 
effect of initial density. However, on the confirmed basis that 
effects of initial density become very slight under Stage 4 or 5 
testing conditions, there does seem to be a slight strengthening 
effect in the thinner layers. The 38 mm strips have a density 
approximately 0 .5% less than the 60 mm strips which are in turn 
approximately 0.8% less in density than the 95 mm strip. Clearly 
the effect is small. 
The finer mix, Mix F, on Strips 24 (65 nnn thick), 26 (43 mm) 
and 28 (21 nnn) demonstrates a somewhat lesser influence of thickness 
on density, the thinner strips both densify rapidly so that after 
Stage 4 there is only 0.8% between all three. Although it is 
surprising that the 65 mm strip did not densify further in Stage 4, 
it is unreasonable to attach much significance to these differences. 
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Permanent Deformations 
Reference to Figure 6.17(c), (d) shows that the thinner 
strips incur less permanent deformation than the thicker ones, 
especially when the magnitude of equivalent density cha.nge is 
considered. However, on a deformation/unit thickness basis there 
is very ~ittle difference~ 
The distortion or the incidence of rutting within the 
wheelpath is profoundly affected by the thickness, Figure 6.18(c), 
(d). In all cases the thinner strips suffer less distortion than 
the thicker ones. Hence distortion appears to be the factor most 
affected by surface course thickness. 
6.5.3 Variation of Indicator with Depth 
The variation of indicator with depth may be observed in 
Figure 6.14 which illustrates the characteristics of the two 
halves of the cores from the 95 mm thick Strip 23. The mix is 
Mix B, a normally designai 16 mm mix .with 80/ 100 pen. asphalt. 
Each core, after being measured for density and thickness, was cut 
in to two pieces approximately 48 and 43 mm thick, with a 4 mm 
width of cut. These cut portions were then submitted to all the 
standard core measurements. 
The upper half of the pavement represented by curve 23A 
has a considerably greater density, stability and bearing capacity 
than the lower half, curve 23B. Over Stages 1 and 2 this is 
clearly more than a preservation of the initial conditions because 
the curves are diverging. This is the expected result because the 
temperatures are usually higher and the vertical stresses higher in 
the upper region. Thus, in reality, the loa~ing and environmental 
conditions are generally more severe in the upper than in the lower 
region. 
During Stages 3 and 4 this trend is still apparent in the 
stability and bearing capacity functions, but it rapidly becomes 
insignificant in the density function. Inspection of the testing 
log and temperature chart for that period indicates that this 
anomalous trend is the result of experimental technique. The time 
of testing was in autumn and more artificial heating was being 
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required to achieve the standard temperatures, especially in this 
very thick strip. Thus the temperature became fairly uniform 
with temperatures in the lower regions occasionally being higher 
than in the upper regions. This implies, inter alia, that density 
differentials are primarily a result of temperature differentials 
' and that the effect of "load-spreading" is secondary. This was 
certainly the implication of the elastic analysis described 
earlier which demonstrated only a 3 to 5% load-spreading effect at 
the base of the 50 mm thick surface course considered. Since 
viscous behaviour will tend to relax such a load- spreading effect, 
the total expected influence of load-spreading is only of the 
order of 2 to 3% reduction of the imposed load stress. With 
these considerations, the data of Figure 6.14 corroborates those 
suppositions • 
6. 6 THE INFLUENCE OF MIX DESIGN 
Variations in mix design that were tested did not include 
either aggregate gradation or aggregate shape . These two para-
meters were held constant . The aggregate was crushed in all 
fractions although the Testing Track mixes contained some natural 
material in the fraction finer than 0.3 mm. The gradation was 
dense as illustrated earlier in Figure 5.3. 
6.6.1 Asphalt Content 
A mix is generally designed by adjusting both the asphalt 
content ar1d the aggregate gradation so that the design air voids, 
stability and flow values fall within a specification • . Asphalt 
contents in these tests were deliberately designed to provide a 
range of rich, normal and lean mixes for the constant gradation 
(i.e. excess, optimum and deficient binder contents). Mixes A, 
Band Care rich, normal and lean designs respectively of the 
aggregate bound with 80/100 pen. asphalt . Mixes D and E are 
normal and lean designs respectively of the same aggregate but 
bound with the softer 180/ 200 pen. asphalt. 
(a) High Viscosity Mix 
As produced, the high viscosity mix had air voids contents 
6.6.1 (cont.) 
of 1.9, 2.5 and 5.2% for rich, normal and lean designs respectively. 
This differential in density is preserved in the behaviour under 
traffic on the Testing Track, Figure 6.l0(a) . Note that the 
Figure summarises the data in Figure 6.9 and that the curves 
represent the lower constructed density type of each pair of each mix . 
The pred;i.cted density in each ca,se is nearly reached by the 
end of Stage 2, although the rich mix A exceeded predicted density 
from near the beginning of Stage 1, Core stabilities, Figure 
6.l0(b) are all closely bunched with nmch less differential t han 
at design. They all consistently fall well below design stabilities 
0 0 , 
even with the reduction of test temperature from 60 C to 50 C. In 
this instance, the core stabilities are effectively about 40-50% 
of the design stabilities on the basis of an equivalent 6o0 c test 
temperature. The bearing capacity, ib. (c) , of the rich mix is 
consistently less than those of the normal and lean mixes by about 
10% but again there is much less differential between the mixes for 
the pavement cores than for the design values included on the graph. 
The permanent deformation characteristics of these mixes 
also follow expected trends. The rich mix on Strips 12 and 14 
tends to have a slightly larger mean deformation, Figure 6.17(a), 
and much greater degree of distortion and rutting, Figure 6.18(a), 
than the , normal mix on Strips 11 and 13. Both the normal mix on 
Strips 11 and 13 and the lecl,n mix on Strips 15 and 7 are very stable 
in respect of permanent deformation . The lean mix tends to have 
only slightly less mean deformation and distortion than the normal 
mix. 
The effect of asphalt content on surface texture and 
surface deformations is shown in the photographs of Figure 6.21. 
Photographs (a) , (b) and (c) are representative views of texture 
after construction but before trafficking for the rich, normal and 
lean mixes respectively. Photographs (d) , (e) and (f) show the 
texture for the same mixes after Stage 4 of testing. The texture 
of the rich mix is very close and it shows signs of distress from 
the excessive deformation and rutting similar to that illustrated 
in (k). The normal mix has closed in texture but retains a well-
textured surface. The texture of the lean mix has changed little . 
Both the normal and lean mixes showed some erosion . 
Rich, 6.B¾A.C Optimum, 6.1¾A.C. Lean , 5.2¾A.C . 
. ...!:J..ig h Viscosity~phalt - Before (top) and After (btm) Trafficking_ 
Optimum+, 6 .1¾A. C. Lean, 5.2% A.G. 
-=L'-'-o.;.;..w_--'-V'--'-is-'-c o'--s-'-it y ~p_-'-h...C..a-'l t__ - _S~i-'-m_i-'-1 a'--r---'a'--"b~o-'-v~e 
(k) Horizontal Deformation 
of Low Viscosity 
Optimum+ Mix 
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Figure 6.21 DEPENDENCE OF SURFACE TEXTURE ON BINDER CONTENT 
UNDER TRAFFIC ACTION TESTING TRACK 
6.6.1 (cont.) 
(b) The I.ow Viscosity Mix 
Similar trends are evident for the low viscosity 
(180/200 pen. asphalt) mix. Only one strip (16) of the normally 
designed mix, Mix D, and one strip (18) of the lean mix, Mix E, 
were tested in Series 1. In addition, Strips 01 and 07 in the 
preliminary series were both of the normal design although the 
testing sequence was not the same as in Series 1. The normal 
and lean mixes have design air void contents of 3.5 and 5.6% 
respectively. 
Reference to Figure 6.l~which gives the densification 
functions for the normal and lean mixes, shows that the differential 
in design density is replicated as a differential throughout 
trafficking in each testing condition. The lean mix reaches its pre-
dicted voids during Stage 3 but the normal mix exceeds its predicted 
density from Stage 2 onwards . Stability and bearing capacity 
both show marked differentials throughout in contrast to the 
negligible difference in design values for both mixes . 
In resistance to deformation, the lean mix here is far 
superior to the normal mix, Figures 6.17(b) and 18(b). The 
difference is JOOst noticeable in Stage 4 when the normal mix has 
deformed an average of 3.4 mm and is badly distorted with an 
average deviation of 2.6 mm and a maximum rut depth of 8.3 mm. 
The lean mix in contr ast has an average deformation of 2.5 mm, is 
virtually undistorted with a deviation of 0. 3 mm and the maximum 
rut depth is only 2.9 mm. 
In surface texture, Figure 6.21, the lean mix has remained 
fairly dry looking and coarse, ib. (j), whiie the normal mix has a 
close, fatigued- looking texture with a high incidence of bitumen 
slick in small filaments on the surface, ib. (i) . This is not 
surprising because the normal mix has reached 1% air voids at that 
stage. The behaviour of the normal mix is discussed in more detail 
in section 6.7, but it appears from these observations to be a rich 
rather than a normally designed mix. 
For both binder viscosities, it is evident that differences 
in design density due to asphalt content are replicated in the pave-
ment. This is definitely not true of stability and bearing capacity 
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values which fall well below pred:icted levels and have little relation 
in differential to those levels for the various asphalt contents. 
Asphalt content however has its greatest effect on the deformability 
of the pavement. Rich mixes deform a great deal and suffer severe 
distortion, normal mixes deform within acceptable limits without 
much distortion, and lean mixes deform acceptably with negligible 
distortion. 
6.6.2 Asphalt Viscosity 
The effect of asphalt viscosity on compaction can be 
deduced from two sources: (i) from two mixes having the same basic 
mix design but binders of different viscosities, e.g. Mixes Band 
D which both have 6.1% binder content but of 80/100 pen . and 
180/ 200 pen. asphalt respectively, and (ii) from different testing 
temperatures for both binders. F-0r conditions of a constant 
imposed load, therefore, the combination of two binder types and 
two testing temperatures effectively gives four data points. 
Furthermore, since there are two magnitudes of imposed load, there 
will be two sets of four points . 
For these mixes and the testing temperatures of 25°c and 
40°c used at the Testing Track, the stable state conditions for the 
two magnitudes of load are shown in Figure 6.22. Air voids are 
chosen as the indicator because it is a simple coDID10n denominator 
and binder viscosity is plotted on a logarithmic scale . The 
points plotted are the corresponding stable state conditions 
derived from Figures 6.10 and 6.11. The influence of initial 
density caused some difficulty in collating this data but compensation 
has been made where possible. Also for this particular figure, the 
state .achieved in Stage 3 has been regarded as the stable state for 
those conditions. The data exhibit a fair degree of scatter 
especially for the larger load, but nevertheless the basic trend 
is clear for both magnitudes of load. Lower binder viscosities 
produce lower air voids or higher densities in a definite semi-
logarithmic relationship. The figure also shows that the magnitude 
of load has a varying relative effect dependent on viscosity . These 
conclusions lend stronger substance to the discussion on load and 
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temperature in section 6.3.2. 
'fue stable state air voids contents shown in the figure 
are less than predicted voids for nearly all the range of 
loading conditions considered. One possible reason for this is 
the slower speed, and hence longer loading duration, of the testing 
vehicle. Application of the linear viscoelastic theory has 
indicated that the principle of time-temperature superposition is 
usually valid for asphalt concrete mixtures . This principle will 
help to indicate the effect of increased speed, or reduced loading 
I 
duration, in terms of a temperature or viscosity shift . A 
decrease in load duration would have similar effect to an increase 
in viscosity. Shifting the curves to the left as shown by the 
broken lines in Figure 6. 22 would . compensate for such decre.ase 
in loading duration . This has the effect of producing a higher 
stable state air voids content for a~y given asphalt viscosity. 
Thus the supposition on the effect of slower vehicle speed is 
confirmed • . The shift cannot be quantified, however, because the 
viscoelastic functions of the mixture have not been established 
and because the indicator, air voids, is unsuitable for direct 
interpretation by viscoelastic theory. 
So far as mix design principles and the inclusion of 
climatic factors are concerned, such a basic relationship is 
clearly valuable. 
6.6.3 Maximum Aggregate Size 
The effect of maximum aggregate size on the behaviour of 
certain thicknesses of surface course may be gauged from the data 
from Test Series 2. Mix Bis a normally designed mix with a 16 mm 
maximum aggregate size. Mix Fis basically the same mix with the 
16-9.5 mm aggregate fraction removed. It too is normally designed 
so that it has a higher asphalt content, 6.75%, than Mix B, 6.10%. 
These two mixes were laid in various thicknesses and the effect of 
that was discussed in section 6.5. 
Comparison of the behaviour of the two mixes should be made 
at the same thickness, for example, Strips 25 and 24 at approximately 
60 mm thickness. Comparison of these strips in Figures 6.12 and 
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6.13 shows little of significance except that the finer mix on 
Strip 24 does not reach predictoo. density until the final stage . 
However, Figures 6 .17(c), (d) and 6 .18(c), (d) show that the 
finer mix sustains twice the mean deformation of the coarser mix 
(2.9 and 1.4 mm respectively) and it also suffers much 100re 
distortion and rutting (a deviation of 2.0 mm compared with 0 . 7 mm) . 
At the thinner thickness of 38 mm for Strips 21/27 and 26 
respectively there is much less disparity in behaviour with the 
finer mix behaving quite acceptably. The very thin pavement of 
the fine mix, Strip 28, has no counterpart in the coar ser mix 
but it behaves in a very stable manner. 
The effect of maximum aggregate size, then, seems t o be 
very closely tied to the surface course thickness . A finer mix 
will perform acceptably in thinner courses. In general terms, 
a normal mix will behave acceptably in surface course thicknesses 
in the range of 2 to 5 times the maximum aggr egate size . The 
condition on 1norma1 1 here is that the mix could be made to behave 
satisfactorily at great~r thicknesses if the deformability or flow 
value were reduced, i.e. by either increasing the binder viscosity 
or by adjusting the aggregate gradation . 
6.6.4 The Role of Aggregate ShaEe and Gradation 
The effects of aggregate shape and gradation which were 
held constant throughout these tests may be gauged from their effects 
on the strength and deformabili ty of the mixture. Since the flow 
value seems to have played a more important role than stability in 
the densification functions studied, deformability is probably the 
interesting characteristic. 'Ihis is especially so because the 
stabilities are high and far from marginal and the mixes had thus 
been expected to be resistant to much further compaction . 
I 
Aggregates that produce a high flow mix are likely to cause 
the mix to compact more rapidly to its stable state than would a 
low-flow mix. Such a generalisation however might include some 
intractable mixes of open gradation and so a condition must be 
placed on •workability'. The unintentionally gap-graded mix laid 
on the Northern :lt>torway Test Area had low workability during paving 
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but it is densifying as rapidly, if not more, as the normally-
graded mix on the Main North Road Test Area . 
There will probably be less difference in the rate of 
densification if rounded instead of angular aggregate is used 
because this seems to have only a slight effect on flow value. 
The stab~lity however will be much less and this may well increase 
the possibility and the rate of excessive deformation and distortion. 
6.7 
6.7.1 
CORRELATION BETWEEN TRACK AND HIGHWAY 
I 
Performance of Main North Road Test Area 
The test area was on a major arterial route in a built-
up area. It had a medium traffic density of approximately 8000 
v .p. d. spread over two lanes and containing an estimated proportion 
of 10% commercial vehicles. The distribution of traffic between 
the lanes was not known, but the author from his observations, 
estimated it to be 60%/40% in the inner and outer lanes respectively. 
This is a high proportion in the overtaking lane but because it is 
in a built-up area with moderately high traffic density and with 
lane""."changing due to the proximity of intersections this estimate 
is realistic. The densification functions were summarised in 
Figure 6.15 on this basis after the estimate used for compiling the 
original data as in Appendix Figure VI. 72 (80%/20%) was shown to 
be improbable by the trend of the data. 
Figure 6.15 shows that most of the densification occurred 
during the first million vehicle passes/lane, that is in 
approximately eight months. After a further million vehicle passes/ 
lane, the rate of densification has decreased to near zero so that 
the pavements seem to have reached a stable state by the 21 month 
period. At that stage, both the higher and the low viscosity 
mixes have exceeded their prooicted dmsities by between O and 1%. 
The actual magnitude of these densities is doubtful because of the 
variability in the mix and consequent lack of reliable data on mix 
composition for an accurate calculation of zero air voids density. 
The variation on this job was of the order of.± 1% or+ 1 a.v.u. 
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Between the wheelpaths the pavement densified little over the 
period of 21 months, but nevertheless the low viscosity mix exceeded 
the predicted density slightly. 
After 8 months, i~ some regions of the wheelpaths, the low 
viscosity mix was exhibiting a fair incidence of asphalt slick on the 
surface in the form of fine filaments. This is illustrated in the 
photograph, 'Figure 6.23(a). It appeared to be the onset of flushing, 
although the air voids content, 3.0%, indicated that flushing was 
possible but unlikely. Considering that the air voids content 
generally increases with depth in the surface course, it seems 
probable that the air void content on the surface was near zero if 
the average air voids of the 45 mm deep cores was 3.0%. The 
filaments of slick were aligned longitudinally as if they had appeared 
in longitudinal cracks caused by transverse flexure of the pavement in 
the wheelpath region. The higher viscosity mix showed none of these 
signs at this stage, Figure 6.23(b), and neither mix exhibited 
significant surface deformations. 
After 21 months of traffic, filaments of asphalt slick were 
apparent with a high incidence over all the low viscosity mix strips, 
in both lanes and, to some extent, between the wheelpaths, Figure 
6.23(c). Some parts of the higher viscosity mix were also exhibiting 
these signs, Figure 6.23(d). The surface exhibited a generally black 
appearance on the softer mix and this may be seen in Figure 6.23(e). 
Surface deformation and rutting however were not significant, so that 
the pavement appeared to be satisfactorily stable despite the onset of 
some flushing. 
6. 7 .2 Performance of Northern Motorway .1'1est Area 
Traffic patterns and densities on the Motorway test area had 
not been established at the time of analysis because the section was 
a new traffic route. The data for the first 8 months of traffic is 
presented in Appendix Figure VI.73 but the envelopes of the 
densification functions are presented in Figure 6 .16 . ' Little 
information can be gained from that per se, except that the usual high 
initial rate of densification is apparent, there is further evidence 
suggesting the effect of initial density on trafficked density, and the 
density is approaching the density given by laboratory-compacted blocks 
of samples from the plant. There appears to be no significant difference 
(a) Low Viscosity Mix (Bmths) (b) High Viscosity Mix ( 8 mths) 
(c) Low Viscosity Mix ( 21 mths) (d) High Viscosity Mix ( 21 mths) 
(e) Black Appearance of Low Viscosity 
Strips (marked) 
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Figure 6.23 SURFACE TEXTURES OF OVER-COMPACTED MIXES 
MAIN NORTH ROAD 
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in behaviour between the concrete and granular base areas. 
6.7.3 Comparison of Testing Track and Main North Road Testing Area 
Strip 16 on the Testing Track was a near replica of the low 
viscosity mix on the Main North Road Test Area and Strips 11 and 13 were 
near replica's of the high viscosity mix. These replicas in the two 
different situations permit some comparison of their performance as well 
as a measure of the acceptability of the Testing Track conditions as 
representative of normal highway conditions. One difficulty however is 
that, although they were designed to be replicas, the Testing Track 
mixes are approximately 1.3 a.v.u. lower than their counterparts in 
the air voids contents of the compacted samples from the plant . Hence 
the air voids contents of the Testing Track mixes are expected to be 
lower than the North Road mixes by that margin. 
The low viscosity mix on the track had densified to 1.30% air 
voids by the end of Stage 2 testing, Figure 6.ll(a), and was beginning 
to show some very slight signs of filaments of asphalt slick on the 
surface. By the end of Stage 4 when it had densified to 0.87% air 
voids there was a fair incidence of such asphalt slick and consi1erable 
rutting distortion. However, the incidence of slick was not nearly as 
high as on the North Road, which ostensibly had a higher air voids 
content, and the filaments were finer. Bad rutting deformation did 
not occur on the North Road either . 
There is a better comparison for the high viscosity mix. On 
the North Road an area with initial voids of 3.8% densified to 2.8%, 
Figure 6,15(a), while on the Track, Strip 11 densified from 3.9% to 
2,4% air voids by the end of Stage 4, Figure 6.9(a) . Another area 
on the North Road densified from 5.5% to 3.5% air voids, while Strip 
13 on the track densified from 7.5% to 3.0% air voids. Once again 
the Testing Track produced a higher density than normal highway 
traffic although the difference is not as great as it was for the low 
viscosity mix. The high viscosity mix on the Track however showed 
no signs of asphalt slick at any stage. 
Data from the Main North Road tend to show slightly more scatter 
in density and air void content than data from the Testing Track . 
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There were insufficient observations of stability in the North 
Road data to form a similar conclusion for stability . However it 
appears that the greater control of construction and trafficking at 
the Track compared with the Main North Road Area has resulted in 
greater uniformity of results. Concern that hori zontal stresses 
on the Track might have been causing abnormal scatter is thus 
lessened, and any scatter that might be caused in this way is .offset 
by other variations common in the field . 
Although the difference in mix properties as produced is 
probably the major cause of the higher densities on the Testing Track 
there is still some evidence that the Track is producing slightly 
higher densities than attained on normal highways. There are three 
possible reasons: 
(i) The sustained period of high temperature on the Track 
may be a more severe condition than directly applicable to a particular 
locality. This is unlikely in this case because the 21- month period 
spanned two swnmer seasons. 
(ii) The slower speed of the Testing Vehicle and consequently 
longer loading duration probably causes higher densities through 
increasing creep effects due to viscous flow. The mix behaves more 
elastically under shorter loading durations. 
(iii) The horizontal stresses existing under the Testing Vehicle 
tyres may cause more squeezing and kneading of the mix thus producing 
slightly higher densities. 
While the effect of each of these causes may be slight for the 
higher viscosity mix, causes (i) and (ii) will have a more significant 
effect on the low viscosity mix, as was observed . 
The difference in surface textural behaviour was probably due 
to the number of load repetitions, flexure of the underlying structure 
and the relative quality control of the mixes . 
(i) The greater number of load repetitions on a highway and 
the higher temperature of the actual pavement surface probably both 
combine to create a surface crust of high density. In addition to 
this, engine oil on the pavement will decrease the viscosity of the 
158 
6.7.3 (cont.) 
binder at the surface. These factors may lead to flushing before 
the average full core air voids content drops below say 3%, 
(ii) The cement-treated base of the North Road pave-
ment was more flexible than the concrete base of the Testing 
Track. Flexure would produce a compressive strain pulse in the 
pavement surface that could create the fine longitudinal cracking 
effect which was observed. Together with a low air voids content 
near the surface this might produce "free asphalt" which could 
appear on the surface. 
(iii) Quality control of the mix on the North Road was not 
good. Laboratory blocks moulded from samples taken from trucks on 
the job showed a variation in air voids of 2.2 to 5.1% for the low 
viscosity mix. This was probably the result of variations in both 
binder content and aggregate gradation . Excess binder for the 
actual gradation would decrease the air voids content and hasten 
the onset of flushing. 
6.7.4 The Influence of Foundation Flexibility 
A major difference between the Testing Track and a normal 
highway is in the flexibility of the foundation . A theoretical 
analysis showed earlier that vertical stresses and strains differ 
by only 1- 3% between rigid and flexible base conditions cf. 3.3.2. 
Horizontal stresses and strains however are much greater when the 
base is flexible. 
The results from the Main North Road seem to confirm the 
theoretical findings. Flexural effects, and their implicit 
horizontal stresses and strains, had a much more significant effect 
there than on the Testing Track. The difference in stable state 
densities between the two situations is probably due t o a number of 
causes more significant than the difference in vertical stresses. 
The test area on the Northern Motorway was intended to 
provide conclusive evidence on this question since it covers both 
concrete and granular bases . There is nothing in Figure 6.16 to 




between the two situations, and after 12 months there is no visible 
textural difference. 
6.8 THE RELATIONSHIP BETWEEN INTERNAL STRUCTURE AND MIXTURE 
PROPERTIES 
608.1 Orientation of Aggregate Particles 
It was mooted earlier that the interparticle structure of the 
aggregate within the mixture is a major factor in determining its 
strength and deformation under imposed load . It was also mooted 
that any change in mix properties as a result of work done on the 
mixture must be accompanied by a change in potential energy of 
components in the structure . This implied possible changes in the 
interparticle structure of the . aggregate, a characteristic that may 
be studied by the orientation of particles within the mixture. 
This pilot study was conducted by the author in order to obtain 
evidence in support of his thesis on the mechanism of deformation of 
asphalt concrete. The thesis is postulated in detail in the next 
section. 
Five strips in Test Series 1 were measured for particle 
orientation characteristics before and after the total trafficking 
sequence. Any change in characteristics would probably be small but 
if it were at all significant it ought to be measurable over the full 
range of testing. A short summary of the characteristics is given in 
Table (>..II and a discussion on statistical method and a more detailed 
table are included in Appendix IV. Particles shorter than 2 mm in 
exposed length have been disregarded in the analysis due to errors 
of resolution and measurement. 
The aggregate particles do exhibit a preferred orientation 
in the range of 3 to 8 degrees from the horizontal rather than 
being oriented in a random manner. This is demonstrated by the chi 
squared (x 2 ) test which, being greater than 9.21 in all cases, 
indicates that there is less than 1% significance of random orientation, 
i.e. the particles have a preferential orientation. The measure used 
here of the deviation of individual values is the probability, P, 
of the orientation of a particle being within 10° of the mean . For 
convenience this probability is termed the "probability of occurrence". 
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TABLE 6- II SUMMARY OF PARTICLE ORIENTATION ANALYSIS 







STAGE ORIENTATION SIZE SQUARED BEING WITHIN 
(de.e:rees) 10° OF MEAN 
0 3.6 920 553 0.326 
4 3.1 786 334 0.298 
0 6.1 986 594 0. 341 
4 4.3 822 420 0. 354 
0 7.3 586 356 0. 321 
4 3.1 494 46 0.274 
0 2.8 1118 432 0.288 
4 5.5 1268 553 0.291 
0 5.1 1549 744 0.328 
4 5.4 1311 543 0.298 
N.B. See Appendix IV for details of analysis . This 
table summarises analysis for particles with an 
exposed length > 2 mm. 
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The normally designed mix wlth 80/100 pen. asphalt on 
Strips 11 and 13 was studied to detect any difference in character-
istics due to construction density, as well as traffic . Comparing 
the untrafficked states, Stage o, of the two mixes shows that the 
heavil~compacted Strip 11 has a lower mean orientation (3.6°) with 
respect to 'the horizontal tqan the lightly compacted Strip 13 
(7 .3°), although the probability of occurrence is not significantly 
different (0 .326 vs. 0.321). Higher compactive effort seems to 
result in flattening the particles down to a more horizontal position . 
The same trend is noticed from the action of traffic . By comparing 
Stages 0 and 4 of each Strip the mean orientation is reduced to 3.1° 
in each case and the probabi lities of occurrence near these means 
are slightly lower. Traffic action thus seems to have a similar 
compactive effect to construction rolling although the effort has not 
been strong enough to shift so many particles to the region of the 
new mean. 
The effect of excess binder in the mix may be assessed by 
comparing the rich mix A on Strip 12 to the normal mix Bon Strip 11 . 
The mean orientation is slightly higher for the rich mix (6.1° vs. 3.6°) 
but the probability of occurrence is slightly higher (0 . 341 vs. 0.326) . 
Traffic again has the effect of slightly reducing the mean orientation 
(to 4.3°) and the probability of occurrence is also increased (to 
(0 .354). This illustrates the more flµid natur e of the rich mix 
permitting easier manipulation of individual particles. 
The low viscosity binder was used in the normally designed, if 
slightly rich, mix D but this does exhibit contrary characteristics . 
The mean orientation increases slightly (2 .8° to 5.5°) over trafficking 
and the probability of occurrence remains moderate (0.29) . Since the 
sample size here was larger than in the previous examples (1100-1200), 
the conclusion is that variations of this order are to be expected . 
Hence too much significance should not be att ached to the foregoing 
examples. 
The dry mix of the low viscosity binder, on Str ip 18, shows an 
insignificant shift under traffic. The mean orientation remains 
virtually constant (5.1°, 5.4°) and the probability of occurrence is 
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similar to foregoing levels although decreasing slightly (0,328, 0.298). 
6.8.2 The Importance of the Orientation Findings 
The analysis of particle Prientation just described is not 
complete. There are a number of further statistical tests that 
need to be ,applied to make the findings fully statistically sound, 
see Appendix IV for details. Obviously the sample size ought to 
be increased although there was a large amount of work involved in 
processing the 13,000 particles of the pilot study. A check on 
the directional significance of the findings should. be made by 
taking measurements at right angles to the direction of travel. 
All this work, however, seems of questionable value since the 
changes in characteristics are clearly small and difficult to 
establish. The author believes however that the pilot study has been 
valuable in establishing that the particles are preferentially 
oriented and that this structure is dependent on the nature and 
magnitude of compactive effort. The trends observed in the fore-
going subsection are probably correct but the author is reluctant to 
attach any more significance to them than that. 
6,9 CONCLUSIONS AND THESIS 
6.9,1 The Trends of Performance Indicators 
(i) The air void content of a mix, when related to design 
properties, is a reasonable though not definitive indicator of 
performance, It is well related to strength if internal particle 
structure is kept similar but is often poorly related to deformation 
without consideration of deformability . The air void content of a 
pavement is decreased under the action of traffic and it may decrease 
beyond the predicted value in severe conditions . The inherent scatter 
in air voids values generally decreases under traffic but some scatter 
is retained by the effect of initial density and by rutting deformation 
effects if these are present. 
(ii) The measured stability of the core samples bears little 
relation to the laboratory value, generally being 30-50% less . This 
is probably due to a difference in internal structure, For the core 
samples from each mix there is a strong exponential relationship of 
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both stability and flow with air voids. Thus for a fairly constant 
internal structure, air voids and stability provide corroborative 
evidence on compaction. However neither are definitive. Bearing 
capacity was of no more significant value. 
(iii) Evidence was strong that a stable state is achieved in 
the paveme~t at lower temperatures. The evidence was less strong, 
but nevertheless adequate, that a stable state is reached for pavement 
temperatures above 40°.c. The squareness functions used as a test 
of stable state were unsuccessful both because of their inherent 
definition and the effect of initial density . 
(iv) The measurement of transverse surface profiles, though 
not highly accurate, provided valuable information on the deformation 
of the mixtures. Rutting was clearly evident in less stable 
mixtures. There was a consistent but only fair correlation between 
the mean decrease in pavement thickness and increase in density. 
(v) Surface texture varied considerably and displayed a 
dependence on binder content. Significant erosion of fines from the 
surface occurred under traffic. Despite this, skid resistance values 
remained consistently high for all mixes throughout testing. 
6.9.2 The Influence of U>ading Conditions 
(i) Volume of traffic has a highly significant effect on 
compaction. A rapid change in indicator occurs during the first 
500 - 1000 passes of the Testing Vehicle on the track and during the 
first 100,000 - too, 000 passes of mixed vehicular tra.ffic on a normal 
highway • . This initial change is often as much as 50% of the total 
change. 
(ii) The effects of load and temperature on a certain mix are 
interrelated by the viscosity-temperature function. The effects are 
shown quantitatively in Figure 6.22 for one basic mix. The achieved 
stable state density increases as viscosity decreases. The increase 
in stable state density due to an increase of load decreases as 
viscosity decreases. Thus stable state conditions are more sensitive 
to viscosity conditions than to load conditions in the common range 
of pavement temperatures. 
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(iii) Stable state conditions achieved on the Testing Track 
under high contact pressure and high temperature conditions were 
generally close to those predicted by laboratory-compacted samples 
from the plant. This finding gives strong support to Marshall 
predictions. It also implies that the Testing Track gives a 
satisfactory simulation of traffic. Occasionally the stable state 
conditions •on the Track were higher than predicted probably caused 
by longer loading duration of the slow Testing Vehicle. 
6.9.3 Mix Construction and Design 
(i) The constructed density of the surface course has a 
significant effect on the stable state density for most loading 
conditions . The effect may be of the order of 1 - 3 air void units. 
Under the combination of heavy load and high temperature however the 
effect becomes negligible. I.ow construction densities may thus attain 
design density under such conditions, but that will probably be 
accompanied by significant permanent deformation and by the possibility 
of rutting. 
(ii) Surface course thickness has only a slight effect on 
densification. Thinner pavements tend to densify more slowly and 
reach a slightly lower stable state than thicker pavements. Thicker 
pavements however may suffer excessive deformation and distortion. 
(iii) Density and stability decrease with depth in the surface 
course. This is due more to the similar decrease in temperature 
than to reduction in the vertical stress with depth. Horizontal 
stresses at the surface may also contribute. 
(iv) Differences in design density due to variations in asphalt 
content are retained in similar magnitude under the action of traffic . 
Core stabilities however did not retain the differences in design 
stabilities. A rich mix is susceptible to higher deformations and 
distortion, and has a much closer surface texture than normal or lean 
mixes which both behaved satisfactorily. 
(v) The effects of a~phalt viscosity have been summarised in 
clause 6.9.2(ii). 
(v) The effect of maximum aggregate size is closely related 
to surface course thickness. Acceptable behaviour was obtained 
from thicknesses in the range of 2 - 5 times the maximum aggregate 
size. Thicknesses near the upper limit of this range may deform 
badly under severe loading conditions and greater thicknesses 
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generally exhibit large deformations and a tendency to rutting. 
(vii) The effect of aggregate shape and gradation was not 
studied experimentally. They are likely to affect the rate of 
"densification slightly but are expected to have little other effect 
per se. 
6.9.4 Correlation Between Track and Highway 
(1) The loading conditions of the Testing Track tend to produce a 
slightly higher stable state density than is obtained on a 
normally trafficked highway, although this depends largely on the 
specific temperature and traffic characteristics of the locality. 
(ii) The longer loading duration and slower speed of the 
Testing Vehicle greatly increases the rate of densification and very 
slightly increases the stable state density. 
(iii) Poor transverse distribution of trafficking by the 
Testing Vehicle in the preliminary and first series of tests caused 
abnormal rutting deformation. When the distribution had been 
corrected, deformations were as uniform as on a normal highway. 
(iv) Horizontal stresses under the tyres of the sharply-
turning Testing Vehicle seemoo to cause some horizontal kneading and 
movement when mix viscosities are low. The stresses would also 
increase any erosion that might occur. 
(v) Flexure of the underlying pavement structure causes 
horizontal surface stresses in a highway pavement which may cause 
fine longitudinal cracking and slight flushing as occurred on the 
Main North Road test area. Such effects were hardly noticeable on 
the corresponding Testing Track strip. Flexure does not appear to 
affect the rate or the magnitude of densification, although evidence 
on this is limited. 
6.9.5 A Postulated Mechanism of Traffic Compaction 
On the basis of the knowledge from the earlier chapters of 
this thesis and the findings from this chapter, it is possible to 
postulate a mechanism by which traffic compaction occurs. At 
this stage, the postulate is based on observations of properties 
166 
6.9.5 (cont.) 
which are of a permanent or semi-permanent nature, as discussed in 
this chapter. Consideration of transient response is made in the 
next chapter. 
When an asphalt concrete mixture is laid by a paving machine 
it essentially consists of a number of irregularly- shaped solid 
particles randomly distributed and oriented within a viscous flµid 
matrix. Construction compaction forces these aggregate particles 
into a more closely-packed structure. The highly regular nature 
of the repeated compactive forces together with the constriction of 
the upper and lower layer boundaries cause these particles to pe 
preferentially oriented in a near hori~ontal. position. (The ~pper 
layer boundary, i.e . the pavement surface, is constricted in the 
locality under consideration by the stresses existing over the tyre 
contact area, cf. 3.2. 3, 2.2.3.). The fluidity of the matrix at 
low viscosity permits .this much movement. At this stage , the mix 
has developed a structure strong enough to carry the compactive load 
with only little deformation but the low binder viscosity makes it 
still susceptible to distortion by a greater loading intensity. 
At normal pavement' temperatures, under the action of normal 
vehicular traffic, the internal mix structure will adjust to resist 
the imposed stresses if it is not already sufficiently stable. I f 
construction compaction has been light, the internal structure will 
not be highly developed and traffic action will have a similar effect 
to construction compaction in moving the particles closer together 
and possibly reorienting some of them. At high binder viscosities, 
the stresses due to vehicular traffic may be sufficient only to move 
the particles closer together withbrtt any reorientation.. In order 
to .translate and rotate a particle the imposed stress must be 
sufficient to overcome the viscous resistance of the binder film . 
This resistance may be high because of high binder viscosity or 
because . of a thin film thickness as in a lean mix. Hence any 
particular particle may be considered to possess an energy limit 
that must be exceeded before it can be moved. The energy limit may 
be exceeded by increasing the load or the limit itself may be reduced 
by increasing the temperature. A stable state is deemed to exist 




Hence, the reason why a mix may have the same effective 
' stability at different densities lies in the structure of the mix. 
A rich mix having a thicker binder film around the particles will 
provide less viscous resistance to compacting stresses, and thus 
densifies more rapidly. A mix will tend to deform considerably 
and distort under uneven loading if the viscous resistance is too 
low to maintain the interparticle structure. This may happen 
when the air void content is low if there is excess binder because 
the binder film will be thick and viscous resistance consequently 
lowered. It is apparent therefore that the film thickness and 
viscosity of the binder are the primary factors in compaction of the 
mix by traffic. Since the Marshall "flow" value is sensi tive to 
these two factors it may be regarded as a valuable indicator to 
the extent of compaction by traffic. 
The study of particle orientation provided some confirmation 
of this thesis although the changes measured were very small and not 
always significant. The author considers his thesis sound despite 
such low significance because the orientation analysis was subject 
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THE TRANSIFNT RESPONSE OF THE SURFACE COURSE 
TO TRAFFIC 
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Measurements of transient deformations caused by a moving 
wheel load were made in the vertical, longitudinal and transverse 
directions. The characteristics of the time profile of these 
deformations and their dependence on load, pavement properties and 
temperature are discussed. This leads to the observation of a 
significant dependence of dynamic stiffness on temperature and 
pavement layer thiclmess. 
7.1 
7. 1.1 
SCOPE OF OBSERVATIONS 
Measurement Technique 
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Many techniques have been attempted for the measurement of 
d . . · 1 t . 1 113 S · stress an strain in soi ma eria s • train measurement 
generally has less inherent problems than stress measurement and is 
of greater interest and value for bituminous materials at this 
stage. Strain techniques so far employed on bituminous materials 
have included bonded resistance gauges fixed to a horizontal inter-
face81 and leaf spring ga~ges79 • However only the latter technique 
has been able to measure vertical strains and even then indirectly. 
A more promising and direct technique involves the use of a pair of 
small disc-shape coils arranged to give a signal in proportion to 
the change in spacing of the coils. The instrument was developed 
in Illinois by Truesdale et al. between 1962 and 1965 and has 
recently been marketed commercially. The technique was adopted 
for this dynamic study and the author has described at length the 
principle, calibration and his use of this technique, including the 
method of placement, in another publication114• 
7.1.2 location of Gauges for Track Tests 
Transient strains were measured using 25 mm diameter coil 
strain gauges. At least three gauges were placed in each strip 
of the Testing Track for measurements in the vertical, longitudinal 
and transverse directions 1• An exception to this was Strip 28 which 
was too thin to accommodate horizontal gauges. The gauges were 
placed near the centre of1 each strip and on the centreline of the 
traffic path so that they received maximum trafficking, see Figure 
7.l(a). The vertical, longitudinal and transverse gauges were set 
150 mm apart to prevent interference, ib (b), and a thermocouple was 
placed at middepth alongside each gauge. Two of the thicker strips, 
23 and 24, had intermediate coils placed in the vertical gauge to 
enable observation of the depth profile of deformation, ib (c), (d). 
There were two non-standard vertical gauges: on Strip 21 where the 
base coil failed during paving, ib (e), and Strip 28 which was too 
thin for an axially aligned gauge, ib (f). 
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7.1.3 Observational Procedure for Track Tests 
Transient observations were taken from each gauge at the 
beginning and end of each testing stage, and permanent strain 
measurements were made from the amplitude setting on the instrument 
at null balance. Transient readings were made on a portable high 
speed ultra-violet~light chart recorder, shown shrouded by black 
cloth in Figure7.2. The strain bridge was used at its highest 
sensitivity for all readings apart from a number of readings at 
high temperatures. 
The continually changing motion of the testing vehicle made 
recording of tyre placement over a gauge difficult . After some 
experience of the pattern of vehicle movement this could be done 
with a fair degree of accuracy but the exact location could not be 
determined so a mininrum of four or five readings was selected . The 
facility for fixing the centre of motion of the vehicle was used in 
the last stage of the test since it was found that this caused the 
gauges on four alternate strips to be trafficked nearly centrally 
by one or other of the tyres. This facility was not used for any 
of the earlier measurements because of the drastic rutting influence 
of each wheel following a fixed path. 
As placed, most of the gauges performed well although several 
of them ceased functioning during the high temperature testing of 
Stage 5. The most likely cause for a gauge becoming inoperative is 
failure of the joint of the lead wires to the coil. Excessive 
movement of the matrix material in the vicinity of the coil may 
cause such a failure during service115• The author had thought this 
was unlikely for asphalt concrete but clearly it can happen at high 
temperatures or in soft mixes. Apart from the failure during paving 
of the base coil on Strip 21, which has already been mentioned, the 
only other coil to be unusable from the time of placement was the 
lower intermediate coil on Strip 23 and this was due to misalignment . 
7.1.4 Use of Gauges in Highway Tests 
At the same time as the placement of gauges on the track for 
Test Series 2, gauges were also placed on the Northern Motorway Test 
Area during the surface course construction phase. 
Nineteen gauges were embedded in the strips as indicated on 
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wheel-paths nearest the edge of the pavement to facilitate a safe 
connection to recording instruments without excessive cable lengths . 
At least one vertical gauge was placed in each lane of each strip 
with extra ones and two horizontal gauges, transverse and longitudinal, 
in the two medium-compacted strips. Thermocouples were placed 
alongside each vertical gauge. 
be inoperative after paving. 
Four vertical gauges were found to 
Strain profiles from the gauges were measured on the same 
equipment as used at the test track, the recorder being housed in a 
blacked- out car. A loaded truck with an 80 kN single rear axle was 
employed to provide the standard wheel load. The truck was driven 
at about 20 km/h over the gauge position which was heavily chalked: 
the exact transverse location of the truck tyre over the gauge was 
recorded photographically, Figure 7 . 3. 
Strain measurements were taken at 0 and 8 months. Suitable 
weather was needed to obtain some approximation to the preferred 
standard of 25°c but the choice of times was severely limited by the 
need to pre-arrange vehicles, etc. Hence the temperatures at the 
time of measurement generally departed from the standard. 
7,1.5 General Considerations 
Interpretation of the observations will depend on the inter-
action of the gauge coils and the asphalt concrete matrix, and on 
cognisance of what deformations the gauges are actually measuring. 
The vertical gauges measured the total vertical deformation 
over the pavement depth. Expressed on a unit length basis this 
could be termed the "average vertical strain over the depth of the 
surface course ~" The use of the term "strain" may be misleading in 
its pure sense when applied to a non- homogeneous mixture of solid 
particles in a viscous fluid. Hence the term will be used through-
out this chapter to denote "average strain" (a.s.} unless specifically 
indicated otherwise. 
Interaction of ·the rigid coil discs with the asphalt concrete 
matrix is expected to be satisfactory at low temperatures when the 
matrix is very stiff. At high temperatures or in a soft matrix the 
discs will probably act as large flaky particles in the mixture . 
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7. 1. 5 (cont.) 
Because the discs are at least 50% greater in diameter than the 
maximum stone size, they t .end to have an averaging effect on 
local deformations and so measure the average strain. 
Disturbance of the matrix in the vicinity of the gauge was 
minimised in the placement technique. For the vertical gauges it 
was confined to less than 3% of the gauge length, and for horizontal 
gauges it was usually of the order of 15% of the gauge length. 
Although the latter figure sounds high, the use of a stiff asphalt 
mastic (40/50 pen., 3 mm maximum aggregate size) ensured a realistic 
distribution of strain to the coil discs. 
Any alteration in the seating of the top coil of a vertical 
gauge was achieved during the first few vehicle contacts and so, 
with the very low degree of disturbance, the accuracy of vertical 
measurements should be high. Interference of the vehicle type with 
the surface coil should be negligible since the gauge is rather 
insensitive to any horizontal or rotational displacements that the 
tyre may cause. The sensitivity of the signal to lateral displace-
ments is less than 2% of the sensitivity to axial displacements for 
displacements up to 1% of the gauge length, and a one degree rotation 
of one coil gives one hundredth of the signal of a 1% axial displace-
11 . 
ment 4. For the same reasons, the horizontal measurements will be 
insignificantly affected either by the flexural curvature of the 
whole pavement or by any abnormal vertical, i.e. lateral, displacement 
that might be caused by the vehicle tyre traversing a filled slot. 
Each gauge was calibrated individually before use , op. cit, 
and hence estimation of average strain should be accurate to the 
degree of resolution. 
the noise amplitude was 
with a maxi.mum level of 
With the instrument at maximum sensitivity 
- 6 equivalent to approximately 30 x 10 a.s . 
- 6 70 x 10 a.s. and so the degree of resolution 
depended on the magnitude of the signal. For measurements of the 
- 6 % order of 100 x 10 a.s. resolution was better than± lOo, although 
for smaller measurements resolution might be as poor as± 20%. 
175 
TREATMENT OF DATA 7.2 
7,2.1 Abstraction of Dynamic Data from Chart Images 
A curve representing the significant signal was drawn on 
the trace by visual estimation in order to separate the signal 
from the noise, see Figure 7.4. This could be done within the 
degree of resolution mentioned in the previous section. Measure-
ments of the signal were taken at the points indicated to within 
0.2 or 0.5 mm depending on the noise and signal amplitudes. The 
signal amplitude on the chart traces ranged from 1 to 60 mm. The 
time intervals were measured to approximately 2 milliseconds . 
The average measurements from each group of four or five 
traces were thenmultiplied by calibration factors to obtain the 
average strain. 
Corrections for the location of the tyre over the gauge 
were made linearly on the basis of the contact pressure profile for 
strain characteristics and on the basis of length of tyre contact 
area for time characteristics. These corrections were only applied 
to the Motorway data and they were based on the photographic record 
of wheel location, see Figure 7.3. 
The data are summarised in Appendix VI, Tables VI- III to V. 
7.2.2 Reduction to Terms Independent of Load 
In order to compare the dynamic characteristics under each 
loading condition, it was desirable to reduce each characteristic 
to a term independent of load. 
Gusfeldt and Dempwolff81 established a linear relationship 
between horizontal strain and tyre contact pressure, and Brown and 
Pe1183 reduced horizontal strains to a "normalised" form by division 
by the tyre contact pressure. Hence it seems reasonable to 
"normalise" horizontal strains in the same way as the latter authors. 
This was done for all horizontal measurements and is shown in the 
Tables as "Normalised Average Strain" (NoAoS . ) in units of 10- 6 per 
/ 2 - 9 2; kN m, i.e. 10 m N. 
In a similar way all the peak vertical strains have been 
reduced to a ratio with contact pressure. There is apparently no 
reported experimental evidence of vertical strains being proportional 
to imposed stress but it seems a reasonable assumption with supporting 
evidence of the kind found by Gusfeldt and Dempwolff, op. cit . 
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7.2.2 (cont.) 
Andersson79 reported a less than one to one ratio of peak compressive 
strain to load but that was with constant inflation pressure so the 
central contact pressure would have not increased proportionally 
with load. The assumption is realistic in terms of elastic 
behaviour but it is not so realistic in viscous behaviour where the 
load-deformation characteristics are non- linear. The initial rate 
of compression leading to the peak compressive strain is very high79, 
however, and for that brief period behaviour will be predominantly 
elastic. Brown and Pell, op. cit., reduced vertical strains to a 
normalised form, presumably on this basis. The author, however, 
desiring to find a single term indicative of resistance to compaction, 
introduces a term which is the inverse of normalised vertical average 
strain, i.e. the ratio of tyre contact pressure to peak vertical 
average strain. Because of the similarity of such a ratio to a 
modulus of deformation, the author termed the ratio the "Apparent 
Dynamic Modulus" (A.DoM.), viz: 
= Tyre Contact Pressure 
Apparent Dynamic Modulus Peak Vertical Average Strain· 
'Ihe word "apparent" is included in the term for three reasons: 
(i) The modulus is a unidirectional value not directly 
related to the three-dimensional stress and strain conditions. 
(ii) The tyre contact pressure at the surface is used in lieu 
of the average vertical stress over the gauge length. Elastic theory, 
however, indicates that the average vertical stress is within 5% of 
the contact pressure. 
(iii) The modulus is not a characteristic solely of the 
material but is also influenced by other pavement properties such 
as layer thiclmess. 
The values of apparent dynamic modulus are included in the 
aforementioned tables. However, the calculation of the value is 
not always direct for reasons mentioned .in 7.3.1 . 
7.3 
7,3.1 
CHARACTERISTIC PROFILES OF TRANSIENT STRAIN 
Transient Vertical Strain 
The profile of transient vertical average strain has a 
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7,3,1 (cont.) 
characteristic shape apparent in nearly all the traces illustrated 
in Tables VI- IV and V and this shape is reproduced in Figure 7,5(a). 
A slight extension occurs innnediately before the tyre 
contacts the measuring location and reaches its peak in approximately 
40 to 50 ms. It is probably a poisson ratio effect. The peak is 
clearly defined and was adopted as the time origin because the 
beginning of the extension is frequently ill-defined. 
The extension is followed by a period of rapid compression 
lasting 40 to 45 ms for the light wheel load and 50 to 60 ms for 
the heavy wheel load and culminating in a usually well-defined peak , 
The period corresponds to the passage of the tyre contact area over 
the gauge which, by calculation from the vehicle speed of 18.7 km/h 
and contact area lengths of 216 and 273 mm respectively, is 42 ms 
for the light load and 53 ms for the heavy load. The rapid increase 
in compression throughout the contact period implies (i) that the 
strain profile lags the surface stress profile significantly, and 
(ii) that the deformation is not wholly elastic because no plateau 
is reached equivalent to that in the stress profile. A number of 
tests at slower speeds and low temperature showed a significant 
decrease in the rate of compression and only a slight flattening 
near the peak, 
There was no discernible consistent effect of temperature 
on the shape or the period of this portion of the curve. 
Unfortunately a direct measure of the effect of load at constant 
temperature was missed during the interim between testing Stages 2 
and 3 at the Track, 
The maximum compression peak is followed by a short period 
of decompression at a rate approximately equivalent to the earlier 
compression rate . This appears to be a phase of "immediate" elastic 
recovery and is deemed to end at the point of maximum curvature where 
the decompression rate drops to a lower value. In some traces this 
phase is not apparent and this usually seems to occur for tests at 
the low temperature on strips which have +eached a stable state, 
e.g. Strip 22, Stages 12, 30, 32; Strip 24, Stages 12, 30, 43, 51A, 
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however, e.g. Strip 26, Stages 12, 30, 32, and the phase is 
always present under the stable state conditions at the high 
t emperature. This may imply that the conditions at th~ high 
temperature are not a really stable state, as suggested in 
Chapter Six, and it may imply that this phase is dependent on the 
effective viscosity of the binder film. The latter implication 
is preferred to the former. The magnitude of the decompression, 
if present, does generally decrease under the action of traffic so 
that the phase is probably n.ot ela_s_tic or otherwise it would be 
preserved or even increased under traffic action. A more 
pr omising explanation of this is that it is the poisson ratio effect 
at the trailing end of the tyre contact area superimposing ~n 
"extension" on the compression. 
A phase of decompression at a much slower, and sometimes 
nearly constant, rate follows. This phase frequently lasted 
several seconds and it was only occasionally recorded because of 
the expense of the light- sensitive chart paper. Usually the signal 
had returned to zero within 5 seconds before the passage of the 
next wheel load . However at the high temperature this period was 
sometimes longer than 10 seconds so that the pavement might receive 
another loading before complete relaxation depending on the tracking 
of the Testing Vehicle . When this happened, the peak compressive 
strain became progressively higher in a compounding fashion under 
subsequent loadings. This would result in very high shear strains 
in the binder film probably causing movement of aggregate particles 
and, in severe circumstances, causing general pavement distortion 
such as rutting. This indicates that at high temperatures on a 
highway, a rapid succession of loading, such as by tandem axles, 
would have a strong compactive influence and could contribute to 
rutting if the material was urlstable under these conditions. 
No direct measure of the residual permanent strain due to 
the passage of a wheel load wa.s obtained due to the duration of the 
last decompression phase . An indirect measure is gained later from 




The profiles obtained from the MJtorway Test Area showed 
similar characteristics . The time characteristics are different 
for the initial tests however because the speed of the testing 
vehicle was too slow. From the profiles, the speed appeared to 
be approximately 9 km/h, i.e . half the speed of the Testing Track 
Vehicle. This was rectified in the .8-month observations. 
Comparison of the measured profiles of vertical average 
strain with the predictions of elastic analysis illustrates the 
disparity due to the dynamic and viscoelastic characteristics of the 
real material. Figure 7.6(a), (b) shows the symmetrical compressive 
pulse predicted by the elastic analysis . It is preceded and 
succeeded by a small extension arising from poisson ratio effects. 
While the preceding extension appears to be similar to the measured 
profile, the compression rate is nearly vertical and the profile is 
nearly square in distinct contrast to the characteristics of the 
measured profil_e. The poisson ratio extension at the trailing end 
of the contact area in this elastic analysis corresponds to th~ 
reduction in compression in the measured profile. 
One important chara_cteristic of the measured vertical 
profiles remains to be discussed . The initial extension prior to 
contact of the gauge by the tyre is often of comparable, or greater, 
amplitude to the SUGceeding compression, e.g. on the Testing Track, 
Strip 21, Stages 12, 22; Strip 22, Stages 12, 40, 42, 43, 51B, etc., 
and on the Motorway, all vertical gauges at 8 months. This seems 
to occur for most observations of small deformations in the region 
of 100 x 10- 6 a. s. This is contrary to expectations and elastic 
theory predicts an extension of only 1 to 3% of the peak compression. 
Are these large e~tensions actually occurring or are they the result 
of a complication in the mensuration technique? A number of 
possible causes were investigated. 
(i) The Poisson ratio effect is very small at low 
temperatures when the mix is very stiff and is always significantly 
less than the effect of direct compressive load. Hence this does 
not account for such relatively large extensions. 
(ii) Rotational or lateral displacement of the surface coil 
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7.3.1 (cont.) 
such as would occur under the action of horizontal surface stresses, 
is an unlikely cause since these displacements would be small in 
comparison to vertical displacement and also because they produce 
less than one twentieth the signal of the equivalent vertical 
displacement. Purthermore, the lower vertical gauge of Strip 24 
which has no surface coil shows some significant extensions . 
(iii) The vicinity of the large metallic mass of the testing 
vehicles was thought to be an unlikely cause because it was 
considered to be at a safe distance from the gauge, 180-200 mm 
i.e. more than two to four times the gauge length114 • However a 
check was made to determine the precise influence of metal because 
of the high instrument sensitivity being used. At a distance of 
four times the gauge length from the centre of the gauge the metal 
caused a signal deviation equivalent to 0.2 meter divisions, i.e. 
approximately equivalent to 10-20 x 10-6 a .s. for most of the gauges 
being used. The observed function is shown in Appendix Figure 
VI.74. This deviation was negative for the vertical gauges 
indicating an apparent extension, and positive for the horizontal 
gauges indicating an apparent compression. 
The latter explanation thus appears to be the cause of the 
deviate results. It imposes significant limitations on the 
application of the technique to surface courses because the magnitude 
.of :the effect varies with gauge length and pavement thickness . The 
effect will be negligible for a maxinnun gauge length equivalent to 
approximately 1.8 times the coil diameter or rather less if small 
vehicles with small wheels are involved in the observations . This 
effect has been taken into account before calculation of the peak 
characteristics in the Tables. For vertical strains allowance was 
made by taking 90% of the range between peak extension and peak 
compression as the modified peak compression. This is reasonable 
because the deviation is a constant signal throughout the pulse . 
7.3.2 Transient :Wngitudinal Strain 
The characteristic profile of transient longitudinal average 
strain is shown in Figure 7.5(b) . It is usually a single peaked 
7.3.2 (cont.) 
compression of simple and near symmetrical shape. The leading 
face is generally slightly steeper than the trailing face with the 
peak occurring after approximately 45 ms in a pulse of 100 ms 
duration. Til.e duration is approximately double the tyre contact 
duration. 
The magnitude of the compression peak is frequently as 
high or higher than the associated vertical compressive strain. 
At low temperatures it ranges from 100 x 10-6 a.s. in the 38 mm 
thick strips to 700 x 10-6 a.s. in the 95 nnn thick strip, and 
higher at high temperatures. A small part of this, up to 
approximately 20 x 10-6 a.s., will be caused by the proximity of 
the metal of the testing vehicle but it will be less in the thicker 
than in the thinner pavements. Comparison with the predictions 
of elastic theory in Figure 7.6 shows that these measured peak 
strains are approximately ten times greater than predicted elastic 
strains. The only promising explanation for this is the influence 
of the high horizontal stresses which exist over the interface of 
the tyre contact area, section 3.2.3. It does seem unlikely 
however that this would account for such a big incr ease especially 
when its influence ought to diminish with depth and so some doubt 
remains on this question. 
No evidence was observed of a slight extension before and 
81 after the pulse as reported by Gusfeldt and Dempwolff • A 
reversal of strain was noted however during passage of the driving 
wheel, viz Strip 23, Stage 40 and Strip 27, Stage 22, 51B. There 
was one exception to these two basic forms and that was a profile 
with two compressive peaks for Strip 26 Stage 51C. 
Transient Transverse Strain 
The characteristic shape of the transverse average strain 
profile was similar to that of the longitudinal profile, a simple 
single-peaked compression of similar magnitude, Figure 7 .5(c) . 
The peak transverse compression was generally slightly higher than 
the peak longitudinal compression, but the time characteristics 
were generally the same. '.l'his latter characteristic is in 
contradiction to the report by Gusfeldt and Dempwolff of a pulse 
duration three times as long as the longitudinal pulse duration . 
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7.3.3 (cont.) 
The profiles from Strip 26, Stage 5 are abnormal and some 
difference dependent on whether the wheel is driving or free 
wheeling is noted. 
7.4 
7.4.1 
CHANGES CAUSED. BY TRAFFIC ACTION 
Apparent Dynamic Modulus 
The apparent dynamic ioodulus increases under the action of 
traffic and increasing load intensity, Figure 7.7(a), (b). This 
illustrates the extent to which traffic compaction incr eases the 
stiffness of the mix and hence its resistance to deformation . If 
that figure is compared with Figure 7.8(a), (b) of the cor responding 
Marshall core stability, it can be noted that the A.D. M. i ncr eases 
much more rapidly than core stability, N.B. the A.DoM. is plotted 
on a logarithmic scale. Th.is demonstrates the highly significant 
directional influence of traffic compaction because the mix is 
developing resistance primarily in the vertical direction and only 
secondarily in the horizontal direction . 
'Ihe A.D .M. however is not a direct measure of resistance 
to traffic action because there is no characteristic value applying 
to all strips for the stable state conditions of any testing stage. 
'Ihe A.D.Mo is also dependent on other properties. Figure 7.9(a), 
(b) shows how it varies with the air voids content on each strip. 
Once again the A.D.M. is shown not to be a characteristic solely 
of the mixture since there is ho single characteristic curve for 
each mix design. Inter-particle structure may be having some 
influence on it and so may layer thickness which is discussed in 7. 5. 
Horizontal Straiqs 
The effect of traffic action on horizontal average strains 
is shown in Figure 7.lO(a), (b), (c), (d) using the normalised form 
of average strain. The general trend is for a decrease in both 
longitudinal and transverse Strain under the action of traffic. 
This is indicative of the stiffening effect on the flexural stiffness 
of the total pavement structure that is being caused by the compaction 
of the surface course. It is interesting to note how significant 
this is when one considers that the surface course is a relatively 
thin layer of relatively soft asphalt concrete overlying a much 
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7.4.2 (cont.) 
thicker base of rigid portland cement concrete. Its role is so 
significant because the surface course is the outer compression 
fibre of the whole pavement. 1llis evidence of flexural stiffening 
is corroborated by the comparative effect of temperature. The 
low temperature, 25°c, produces smaller horizontal strains than 




THE INFLUENCE OF PAVEMENT THICKNESS 
Apparent Dynamic Modulus 
It has been demonstrated that the apparent dynamic modulus 
is not solely a characteristic of the material. It also appears 
to be a function of the surface course thickness. Figure 7.9 
shows how the modulus varies with air voids content for each strip, 
i.e. for different thicknesses. This data is re-.presented in 
Figure 7.ll(a), (b), to show how the modulus varies with surface 
course thickness for various air voids contents. The curves in 
ib. (a) show a very marked increase in modulus as the layer thick-
ness decreases. This is apparently the result of the confining 
effect had by the frictional stresses at the layer boundaries. A 
similar trend in ib. (b) is upset only by low modulus values for 
the 20 mm thick pavement. Little weight is given to those low 
values however because the gauge had a very short gauge length and 
provided a nwnb~r of problems in calibration. 
The greater confining effect in thin layers implies that 
for given conditions they will be more stable and better able to 
resist deformation than thicker layers. These results confirm the 
postulates and evidence of McLeod 39 and Goetz et a142 mentioned in 
Chapter Two. However, the steepness of these curves is surprising 
especially in view of the relatively small influence of layer 
thickness on densification that was demonstrated in the previous 
chapter. Are there some extraneous factors influencing these 
results? This question can be answered in two ways. One is to 
progressively eliminate various factors such as mensuration technique, 
etc., and the other is to compare the results with the predictions 
of a theoretical analysis. 
So far as mensuration technique is concerned, most sources 
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7.5.1 (cont.) 
of error have already been examined either earlier in this chapter 
or in the author's publication, op. cit. One remaining matter 
concerns confinement of the material by the coils themselves. 
'Ibis has been recently studied by Morgan116 using sandy soils . 
He found that a certain amount of confinement occurred with 
rough-faced coils causing under-estimation of strain and that 
smooth- faced coils tended to prevent compaction causing an over-
estimation of strain. However both effects were only significant 
at strains greater than 1. 5% which is considerably greater than the 
strains being measured here. The implication for the present case 
of use in asphalt concrete is a matter of conjecture . The particle 
size is much larger than the sand under study by Morgan and the 
coil discs are physically bonded to the material . These two factors 
may imply that the "rough- faced coil" situation of Morgan's study 
applies and this would result i n lower str ains over shor ter gauge 
lengths and hence a higher apparent dynamic modulus. The author 
feels that this is unlikely to be true however because (i) the mix 
is relatively stiff, (ii) the par ticles are not moving signi ficantly 
and (iii) the coil disc is probably acting in a similar manner to 
a large flaky particle . 
Analysis of the situation by three-layer elastic theory 
gives the relationships shown in Figure 7.12. The assumed elastic 
modulus values are 6000 and 200 MN/m2 for temperatures of 25°c and 
40°c respectively, i.e. the same as previously used . The change in 
average vertical strain, presented in inverse form as the apparent 
dynamic modulus, is very slight as the surface course ·thickness 
changes. The slight increase in modulus that is evident as the 
layer thickness decreases is probably due almost entirely to the 
increasing flexibility of the structure and not to any confining 
effect. When these curves are compared with those measured at the 
Testing Track a great difference is noticeable. Disregarding the 
actual magnitude of the elastic analysis values which are dependent 
on the chosen elastic modulus, it is obvious that the Track measure-
ments are displaying a highly significant confining effect that is 
not shown by the elastic analysis . The probable reason for this 
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is as follows. One of the fundamental assumptions of the elastic 
analysis is that the layers are composed of homogeneous isotropic 
materials. While this assumption may be acceptable on the large 
scale when considering the whole pavement structure, it is 
certainly not valid when considering one layer in detail especially 
if the material is far from being either homogeneous or isotropic. 
Reference to Figure 7.13 will show that the large size of the 
particles in relation to the layer thickness enables them to cause 
significant arching effects and to develop a great deal of resistance 
to deformation. This is the reason why the apparent dynamic modulus 
rises so steeply as the layer thickness is reduced towards twice the 
maximum aggregate size. 
With this mechanism it is now possible to explain the paradox 
of densification being little affected by layer thickness. The 
imposed stresses are still able to cause some change in the close-
ness of packing of the aggregate particles through flow in the 
binder film although the particles are constrained from making any 
movements of relocation by the boundary frictional stresses and the 
relative size of the particles themselves. Hence the process is 
essentially one of densification rather than one of compaction with 
associated structural changes. This supposition is confirmed by 
reference to Figure 6.13 which shows that the increase in stability, 
which is one measure of restructuring, of the thin Strip 28 is 
very small for its associated increase in density. 
The conclusions from this section are significant . Thinner 
surface course layers, especially those little more than double the 
maximum aggregate size iri thickness, display a very much stiffer 
response to a moving wheel load than do thicker layers. lliis is 
primarily the effect of arching between aggregate particles 
constrained from moving by their large size in comparison to the 
layer thickness and by boundary frictional stresses. This stiffer 
response however does not hinder densification but it does inhibit 
restructuring of the pavement material. 
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7.5.2 Horizontal Strains 
Both longitudinal and transverse strai ns increase as the 
surface course thickness increases, Figure 7.10. 1his implies 
that the measuring location, the mid- depth of the surface course, 
is at an increasing height above the neutral axis as the thickness 
increases and hence the neutral axis must remain fairly stationary 
in position. Comparison of these measured values with those 
predicted by the elastic analysis is made in Figure 7 .14. Gr eat 
disparity is evident. The measured "strains" are twenty times 
larger than the calculated strains, as discussed previously. 
They also increase significantly as thickness increases whereas 
the calculated strains decrease. 'lhis could h~ppen if the neutral 
axis of the pavement were lower than predicted by elastic theory 
and i f it remained fairly s t ati.onary . No ot her satisfactory 
explanation can be offered . 
7.6 
7,6.1 
DEPENDENCE ON TEMPERATURE 
Vertical Strains 
An increase in temperature softens the mix and causes a 
considerable increase in vertical deformation. This is 
demonstrated by the decrease in apparent dynamic modulus with 
increasing temperature for the final stable state shown in Figure 
7.15. An increase in temperature from 20°c to 40°c causes a 
25-fold increase in vertical average strain or decrease in 
apparent dynamic modulus . Unfortunately many of the 40°c measure-
ments during the testing program were not obtained for various non-
technical reasons and the trend of these values with traffic and 
layer thickness were not graphed. However, the basic trend is the 
same as at the low temperature although the changes are very much 
smaller. This is to be expected since packing and confining 
effects are unlikely to be significant when the binder viscosity 
is low and provides little constraint to the aggregate structure. 
7.6.2 Horizontal Strains 
Horizontal average strains also increase as the temperature 
increases, Figure 7.10 cf (a), (b) and (c), (d). This is the 
result of the greater deflection of the pavement due to the 
decreased stiffness of the compressive layer and also of the lower 
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modulus of the material itself which gives rise to higher strains 
for similar stresses • . Comparison with the elastic analysis in 
Figure 7.14 again shows a significant disparity that is inexplicable . 
7.7 THE 1NFLUENCE OF FOUNDATION SUPPORT 
The influence of foundation support on the dynamic response 
to a moving wheel load may be assessed by comparing the two sections 
of the Motorway Test Area. Figure 7.16 shows the vertical response 
in terms of the apparent dynamic roodulus as a function of air void 
content. A large aioount of scatter is evident and the curves for 
the two cases have different shapes. In particular the curve for 
the granular base seems abnormal. Such a steep rise fo r such a 
small i ncr ease i n density is highly unlikely, of Figure 7,9, and it 
is probable that the low initial values were the result of gauge 
seating problems. Th.e base coil was difficult to secure to the 
granular base but construction compaction ought to have overcome any 
looseness of seating, For ease of placement of the surface coil 
the mastic was softened by the addition of some oil and the coil 
must have required trafficking to seat it correctly . 
After 8 months of traffic the vertical average strains are 
generaJ.ly smaller for the granular base than for the concrete base, 
i.e. the apparent dynamic modulus is higher. This is expected from 
the predictions of elastic theory which showed, section 3. 2, that 
vertical deflections and horizontal strains would be higher and 
vertical strains would be lower for a "flexible" base than for a 
"rigid" base. Th.e difference is very small here but then that is 
not surprising when the supposedly "flexible" granular base is high 
quality motorway construction. 
Horizontal average strains, Table VI- V have decreased under 
traffic action and they are higher for the granular base than for 
the concrete base. · 
7 .8 PERMANENT STRA1NS 
The strain gauges also provided a coarse measure of permanent 
average strain from the amplitude of the null balance signal which 
had been calibrated against gauge length , The accuracy of this 
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measurement was to the order of± 400 x 10-6 a.s. which incorporates 
the degree of resolution and the expected variations in the dynamic 
instrument which was not designed for long term stability. 
Significant permanent average strains of the order of 
-6 20 000 to 40 000 x 10 a.s. were measured and these are presented 
in Figure 7.17. 1he permanent strain increases under the action 
of traffic and the biggest increases occur during the~~ 
temperature stages. The magnitude of these strains appear to have 
little correlation with thickness but if these are compared with the 
associated changes in density as indicated by air voids content there 
is a fair correlation, Figure 7.18. This correlation with density 
change is very much better than that found in the previous chapter 
for permanent deformations measured by the less precise technique 
of the profilometer, cf. 6.2.5. 
1he anomalous decreases in permanent strain that may be 
noticed in Figure 7.17 -occur for the two strips, 22 and 26, where 
heating failure caused local overheating and rutting distortion. 
From the permanent strains a rough estimate can be made of 
the residual average strain per passage of a wheel load. On an 
average over 125,000 vehicle passes this is 0.2 to 0.3 x 10-6 a.s. 
per pass and hence it is likely to have ranged from approximately 
1 x 10-6 a.s. per pass at the beginning of trafficking to zero at 
the end. Such small strains were beyond the range of the 
individual dynamic measurements and so it is not surprising they 
were not detected at that stage. 
7.9 CONCLUSIONS 
(i) Measurements of the transient strains occurring under 
a moving wheel load have provided valuable information on the 
dynamic response of asphalt concrete. 1he measured profiles of 
transient average strain show characteristic shapes that are similar 
to those quoted in other literature, although these are the first 
known direct measurements of transient vertical strain. 
The profile of vertical strain was sim;i.lar in magnitude to what was 
expected although the extension occurring immediately before 
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contact was sometimes very high even to the extent of exceeding 
the succeeding compression. Such significant extensions appeared 
to be the result of complications in instrumentation, q.v. (vi) and 
not an indication of true behaviour. 
Horizontal average strains were compressive and were higher 
by one order of magnitude than those predicted by elastic theory 
but the profiles were of the expected simple shape. A small part 
of this apparent error was due to complications in instrumentation 
similar to those above and part may have been due to the high 
horizontal shear stresses over the tyre contant area . 
(ii) Peak vertical average strain decreased as the pavement 
was compacted by traffic. Presented in inverse form as a ratio of 
imposed contact pressure these peaks were converted to an introduced 
term 11 the apparent dynamic roodulus 11 which was a measure of the 
dynamic stiffness in the vertical direction. This modulus, then, 
increased under traffic action. It was also greatly increased by 
a decrease in surface course thickness by considerably more than 
could be attributed to an increase in flexibility . The postulated 
cause of this strong dependence on layer th.j.ckness was the magnitude 
of the ratio of layer thickness . to maximum aggregate size, i.e. the 
relative dimensional effects. '!he modulus increases steeply as the 
ratio decreases towards 2 which is the lower limit of practicability. 
An increased dynamic stiffness caused by the thinness of a layer does 
not however prevent densification although it does inhibit internal 
restructuring. 
(iii) Vertical strains and the apparent dynamic modulus are 
highly sensitive to temperature. The effect of temperature on 
horizontal strains is dependent on the flexibility of the underlying 
structure - for the concrete base in the Testing Track study there 
was little change. 
(iv) Foundation flexibility has a slight effect on measured 
vertical average strains but a greater effect on horizontal average 
strains . 
(v) Permanent deformations expressed on a unit thickness 
basis were closely similar to the associated density changes but not 
to layer thickness . 
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(vi) The induction coil strain gauges used in this study 
performed well although they were being used near the limit of 
their sensitivity at low pavement temperatures and this caused a 
reduction in resolution. The proximity of metal in the movi ng 
vehicles was marginal and caused significant complications for 
gauge lengths greater than 1.8 times the coil diameter. This 
factor imposes some limitations on the use of this technique for 
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CONCLUSIONS AND IMPLICATIONS 
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The principal conclusions drawn from this study are 
summarised and a thesis is presented on the mechanism of 
traffic compaction of an asphalt concrete surface course . 
Finally, the implications of these findings are considered 
both for international knowledge and for practice in 
New Zealand . 
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8.1 CONCLUSIONS 
The aim of the study was to determine the principal factors 
involved in the phenomenon of compaction of asphalt concrete surface 
courses by vehicular traffic during normal use of the PAVement. 
Consideration was given to the material behaviour of asphalt concrete 
and to the role of the surface course in the pavement structure and 
the conditions surrounding it. This led to the choice of a fullscale 
pavement testing track as the mode of testing because such a facility 
provides controlled conditions. Comparative studies were also 
conducted at two sites on normally trafficked highways. The principal 
conclusions from the whole study are summarised below. 
8.1.1 The stresses existing under the wheels of vehicular traffic are 
of sufficient magnitude and are of suitable direction to cause compaction 
of dense graded asphalt concrete surface courses under normal environ-
mental conditions (cf . 1.2 and Chapters 5, 6, 7) . The extent to which 
such compaction occurs is dependent on a number of factors covered below. 
8.1.2 The process of compaction is distinguished from densification. 
Densification is simply defined as the process which causes an increase 
in unit mass of a material. Compaction generally results in densifica-
tion but it also includes restructuring of the relative location and 
orientation of particles within the material . (cf . 1. 2) Evidence. of 
this restructuring was obtained. (cf. 6.8) 
8.1.3 Under the action of traffic, the rate of compaction is 
initially high but decreases over a period to zero. Up to 50% of the 
total change in compaction indicator occurs during the first 100,000 
to 200,000 passes of mixed vehicular traffic on a normal highway or in 
the first 500 to 1000 passes of the Vehicle on the Pavement Testing 
Track. The actual rate of compaction depends on the imposed conditions 
and the initial state of the material. The scatter of indicator values 
generally decreases under the action of traffic. (cf. 6. 3) 
8.1.4 Asphalt concrete is defined by the author to be in a "stable 
state" for certain imposed conditions when it is resistant to further 
compaction by traffic, i.e. when the compaction rate has decreased to 
zero. Such a stable state is reached after relatively few thousand 
passes if the initial state is close to the stable state . However if the 
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change from initial to stable state is large then the rate of 
compaction decreases more slowly and the stable state will only be 
reached after approximately 10,000 passes of the Testing Track Vehicle 
or two million vehicles of normal highway traffic. (cf. 5.1, 6.3) 
8.1.5 The magnitude and nature of stable state conditions for given 
initial conditions depend on the maximum imposed contact pressure, the 
maximum duration of a loading cycle and the minimum binder viscosity, 
i.e. maximum pavement temperature. On the Testing Track all these 
factors were controlled and a semilogarithmic function was derived 
relating the stable state air void content to imposed contact pr essure 
and binder viscosity conditions. The function demonstrates how closely 
dependent the stable state is on loading and binder viscosity . The 
stable state densities obtained on the Testing· Track under high contact 
pressure and high temperature conditions were generally close to 
Marshall predictions . The important finding is that design 
conditions can always be exceeded if the imposed conditions are 
sufficiently severe. (cf. 6.3, 6,6) 
8,1.6 Mix design is a determinative factor of the stable state 
achieved by traffic compaction. For example, differences in design 
bulk density, or alternatively air voids content, are preserved under the 
action of traffic. This was particularly apparent when the binder 
content was varied for a constant aggregate gradation and it highlights 
the important role of the binder film thickness. (cf. 6.6) 
8.1.7 Density and air void content were only good indicators of the 
resistive state of the mix when related to design values and initial or 
construction values. They were not definitive indicators of a stable 
state because they did not depend on imposed conditions alone . Marshall 
stability of extracted core samples certainly increased under trafficking 
but it was unrelated to imposed conditions principally due to the 
anisotropic properties of the corese Bearing capacity, as calculated 
from Marshall values of extracted cores, was also not directly related to 
imposed conditions. Hence none of these indicators are definitive of 
the stable state developed under certain imposed conditions. No other 
core properties were tested as indicators . (cf. 6.2) 
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8.1.8 The transient vertical response of asphalt concrete to a 
moving wheel load displays a well-defined and characteristic profile . 
A small extension occurs innnediately prior to contact by the tyre 
followed by a steep rate of compression which lags the stress pulse 
consi9erably. The peak compression therefore occurs just as the tyre 
ceases contact. It is followed by a small amount of rapid decompression 
and a much slower rate of decompression lasting up to 5 or 10 seconds. 
Such a profile illustrates the viscoelastic nature of the material and 
it is distinctly different from the synnnetrical profile for an elastic 
material. 
The maximum residual permanent strain per vehicle pass for 
the Testing Track was approximately 1 x 10-6 average strain and it 
would be less under the higher speeds of highway traffic . 
An introduced unidirectional measure of the vertical dynamic 
response termed the apparent dynamic modulus was defined as the ratio 
of contact pressure to peak vertical average strain . It increased 
during trafficking demonstrating an increased stiffness but it was not 
definitive of stable state conditions because it depended on layer 
thickness and mix design. (cf. 7.3 to 7.9) . 
8.1.9 The dynamic response in terms of horizontal strains also 
displayed well-defined characteristic single peak profiles and these 
compared well with published data. The time base corresponded to 
approximately double the length of the tyre contact area and the peak 
values were generally compressions of the order of 200 to 300 x 10- 6 
strain. These are much greater than predictions by elastic theory 
and seem unusual by being of the same order as associated vertical 
strains. This is still the case after due allowance had been made for a 
complication in instrumentation . One contributing cause may be 
horizontal shear stresses over the tyre contact area. (cf. 7,3 to 7,9) 
8.1.10 Resistance to compaction in the mix is largely developed in 
the binder film. Interparticle contact plays a major part in a load-
bearing capacity but adjustment of particle structure within the mix 
is determined by the viscous resistance developed in the binder film . 
Hence a thin film and a high viscosity develop high resistance to 
compaction. (cf. 2.2, 2.3, 6.9.5) 
8.1.11 Initial conditions such as construction density play a 
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significant role in compaction characteristics. A low initial density 
produces a low stable state density because the interparticle structure 
has not been moulded into its most stable position. Only under imposed 
conditions of heavy loads and high temperatures, or low binder 
viscosities, will the stable state reach the same level as that for 
an initially well compacted mix. (cf. 6.4) 
8.1.12 The thickness of the surface course has little effect on 
densification but it does influence the restructuring component of 
compaction. A thin surface course undergoes generally slightly less 
densification than :a thick surface course due to the influence of 
boundary frictional stresses. However a thin surface course exhibits 
a ver y much stiffer dynamic r esponse than a t hick course due to the 
r elatively large dimensional ratio cf aggregate particle size t o layer 
thickness . This stiffer dynamic response of thin layers tends to 
inhibit movement of the aggregate particles thus inhibiting the re-
structuring component of compaction and also stabilising the layer 
against excessive distortion . The proneness of thick layers to 
distortion is principally a result of the low confining effect of 
boundary stresses . 'Thin' and 1 thick t as used her e are relative 
terms implying ratios of thickness to maximum aggregate size of 
approximately 2 to 3 and greater than 5 r espectively . (cf . 6.5, 7,5) 
8.1.13 The effect of compaction diminishes with depth in the surface 
course mainly as the result of the negative temperature gradient but 
also partly due to the decreasing influence of surface horizontal 
stresses and compressive flexural stresses . (cf . 6,5) 
8.1.14 The flexibility of the underlying pavement structure has 
little influence per se on the densification of the surface course . 
What it does influence however are the horizontal or flexural compressive 
stresses and strains which help determine the stable orientation of 
particles. These strains may also cause tensile failure of the binder 
film resulting in a surface texture with fine longitudinal surface 
cracking and the possibility of flushing at low air void contents . 
(cf. 6.7) 
8 . 1.15 The occurrence of permanent deformations in the surface course 
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during traffic compaction is mainly due to the associated increase of 
density. However, resistance against distortion, such as by rutting, 
is mainly a function of the viscous resistance developed in the 
binder film. For example, even high stability mixes may be badly 
distorted under certain conditions if the imposed conditions are 
severe. A thick pavement at high density may distort under heavy 
loads, high temperatures and slow vehicle speed. Thinner pavements 
are usually much more stable but. may suffer distortion if the binder 
film is . too thick, if the binder viscosity is too low or if inter-
particle friction is low. (cf. 6.2 to 6.6) 
8.1.16 A stable mix structure in the field characteristically has a 
predominance of .particles aligned in a near horizontal orientation. 
This particular structure is developed by the characteristic stresses 
which exist under both pneumatic- tyred construction rollers and under 
normal vehicular traffic. Such a preferentially oriented structure is 
anisotropic in behaviour, exhibiting high strength in planes perpendic-
ular to the preferred orientation and low strength in the plane of 
preferred orientation. (cf. 6.8) 
8.2 THESIS ON THE MECHANISM OF COMPACTION OF ASPHALT CONCRETE 
When an asphalt concrete mixture is laid by a paving machine 
it consists essentially of a number of irregularly- shaped solid particles 
randomly distributed and oriented within a viscous fluid matrix . 
Construction compaction forces these aggregate particles into a more . 
closely- packed structure. The highly regular nature of the repeated 
compactive forces together with the constriction of the upper and lower 
layer boundaries of the surface course cause these particles to be 
preferentially oriented in a near horizontal position. (Constriction 
by the upper boundary, i.e. the surface, occurs under the tyre by the 
action of horizontal shear and frictional stresses existing over, the 
contact area.) The fluidity of the matrix at low viscosity permits 
this movement. At this stage, the mix has developed a structure strong 
enough to carry the compactive load with only little deformation but the 
low binder viscosity makes it still susceptible to distortion by any 
greater loading intensity. 
At normal pavement temperatures, under the action of normal 
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vehicular traffic, the internal mix structure will further adjust to 
resist the imposed stresses if it is not already sufficiently stable. 
If construction compaction has been light, the internal structure will 
not be highly developed and traffic action will have a similar effect 
in moving the particles closer together and possibly reorienting some 
of them. In order to move a particle into a new position or orienta-
tion the imposed stress must be sufficient to overcome the viscous 
resistance of the binder film. Hence any particular particle may be 
considered to possess an energy limit that must be exceeded before it 
can be moved. The energy limit may be exceeded by increasing the 
load or the limit itself may be reduced by increasing the temperature 
and thus reducing the binder viscosity . A stable state is postulated 
to exist for conditions that do not exceed the minimum energy limit 
in the mixture. 
The mechanism of deformation just outlined places emphasis 
on the viscous resistance developed in the binder film. Other 
workers, cf. 2.2.3, have shown that these factors, in terms of triaxial 
parameters, are directly related to the cohesion of the mixture and 
that internal friction is largely independent of them. This implies 
that deformation is a function of cohesion and that load bearing 
capacity is a function of both cohesion and internal friction. 
Part of the load bearing capacity is ~eveloped through interparticle 
bearing and friction which are largely independent of temperature, 
loading rate and history and are thus approximately constant. The 
remainder of the load bearing capacity is developed through cohesion 
which is strongly dependent on those loading conditions because it is 
closely related to the viscosity and film thickness of the binder. 
The detailed mechanism by which the mixture responds to the 
passage of a moving wheel load is a time-dependent phenomenon. The 
small extension which occurs immediately prior to contact by the tyre 
is a poisson ratio effect that is automatically recovered as the tyre 
contact pressure is applied. 
The time profile of imposed vertical stress is usually nearly 
rectangular but the profile of average vertical compressive strain 
displays a significant time-lag and increases nearly linearly to a peak 
just before the tyre ceases contact. This strain characteristic 
reflects the viscoelastic nature of the asphalt binder. A small 
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portion of this deformation is elastic and is immediately recovered 
on unloading. It seems likely that this elastic deformation occurs 
in a polymolecular layer of the binder firmly bonded to the surface 
of an aggregate particle, cf. 2.2.5. 
The viscoelastic deformation occurs in the remainder of the 
binder film and is a function of the surface tension which is 
determined by the film thickness, of the binder viscosity, and of 
the magnitude and duration of .the applied stress. .All or most of 
this viscoelastic deformation is recoverable after unloading but at 
a slow rate. A diagrammatic representation of .the resisting stresses 
is shown in Figure 8.l(a). Diagram (b) illustrates a boundary layer 
effect which is a probable cause of the influence of film thickness 
on effective binder viscosity. 
If the viscous shear stresses involved in the viscoelastic 
deformation were high, some ~recoverable viscous flow will have 
occurred that results in a residual or permanent deformation. These 
high shear stresses can occur in the process of reorienting or 
relocating a particle within the matrix, and they are a function of the 
same factors that determine viscoelastic deformation. The result 
of such a restructuring process is a stiffer interparticle structure 
that will more evenly distribute imposed stresses and thus lessen the 
magnitude of viscous shear stresses from subsequent load cycles, 
Figure 8.1 (c), (d). This is another view of the energy limit concept 
presented earlier . 
However, if the viscous shear stresses are excessively high 
or if the resistance of the binder film is very low then large particle 
movements may occur and the asphalt may be functioning more as a 
lubricant than a binder. This causes distortion of the pavement . 
The extent and nature of the distortion depends on the magnitude and 
distribution of imposed and resisting stresses. 
Repetitive strain cycles tend to work- harden the binder film. 
This causes an -increase in effective binder viscosity and tensile 
failure may occur in the film under high stresses if it becomes 
brittle. In high air void content mixes ( > 5%) oxidation is likely 
to have a similar embrittlement effect. 
tensiori) 






(a) Imposed and Resisting 
Stresses 
(b) Possible Boundary Layer 
Effect on Film Resistance 
(c) Before Compaction (d) After Compaction 
Author's Mechanism of Stress Relaxation 
Figure 8.1 
Figure 8.2 
COMPACT/ON STRESSES AND POSTULATED MECHANISM 
Location : Hansen's Lane Intersection , 
Blenheim Rd, Christchurch, N.Z. 
Binder: 180/200 pen asphalt with 3¼ oil 
TYRE IMPRINT IN MIX OF VERY LOW VISCOSITY 
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The compaction: proce_ss, therefore, principally develops 
a strong and stable interparticle structure which is capable of 
bearing traffic loads. The extent to which this structure of 
preferentially oriented particles is developed depends on the 
developed viscous shear resistance of the binder film which is a 
function of film thickness and viscosity. When the mixture has 
developed sufficient . resistance to compactive stresses that no further 
permanent deformations occur, it is said to have achieved a stabie 
state. This postulated mechanism for the behaviour of asphalt concrete 
I 
precludes any simple concept of an ultimate beari~g capacity for the 
material. Its resistance to imposed stresses has a complex dependence 
on material and loading parameters, including the history of loading. 
8.3 
8.3.1 
IMPLICATIONS . OF FINDINGS 
Mix Design and Traffic Compaction 
I 
Dense-graded asphalt concrete mixtures of high stability are 
subject to traffic compaction although the amount that occurs depends 
on the constructed condition and the imposed conditions of tyre contact 
pressure, loading duration and pavement temperature. High stability 
mixes with low deformability or below optimum in asphalt content are 
highly resistant to compaction but their fatigue strength is probably 
low. High stability mixes with -high deformability or above optimum 
in asphalt content are prone to excessive compaction and distortion. 
Neither stability nor deformability ("flow" in the Marshall test) are 
adequate indicators of resistance to traffic compaction and cognisance 
is necessary also of the film thickness and effective viscosity of the 
binder, if suitable measures of these are available. 
8.3.2 Mix Design for Incident Conditions 
Traffic volume is not the only important factor of the imposed 
. conditions. Tyre contact pressure (as distinct from load), the 
duration of loading, the duration between consecutive loads, and 
pavement temperature are all major factors. Hence the rate and 
magnitude of compaction in this phase is dependent on the nature and 
volume of traffic and on environmental conditions. Note should be 
taken of all these factors when considering the effect of traffic 
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compaction and they would probably account for many of the anomalies 
apparent in the published studies mentioned in Chapter One . The 
important design implication of these factors is that where heavy 
traffic or high temperatures are expected the binder viscosity should 
be kept high and the film thiclqiess kept low, with due r egard to 
other design considerations, to prevent overcompaction and deformity . 
Conversely, where light traffic or low temperatures are expected 
the binder viscosity may be lowered and the film thickness i ncreased 
if traffic compaction is being relied on to develop full desi gn 
density in the surface course. 
8 . 3. 3 Design Densi t y 
The "design" density is not, as commonly termed, the 
"ultimate" density, it is instead intended to represent the "stable 
state" density for the imposed conditions of the site under consideration . 
This stable state density will be exceeded if the imposed conditions 
become more severe than the expected conditions, and it will not be 
attained if the conditions are less severe . In actual fact the 
properties of the design mix as determined by most empirical 
laboratory procedures bear little relationship to the properties of 
the compacted mix in the field . This is principally the result of 
the disparity in interparticle structure between the two situations . 
For example, the Marshall design procedure pr oduces by impact 
compaction a randomly oriented wedging structure which is nearly 
isotropic and construction rolling in the field produces a structure 
of particles preferentially oriented in a near horizontal position 
with highly anisotropic properties . This matter of structure is 
important because it pavtly explains why the bearing capacity of a 
mix is not an inherent property but is developed by the stresses 
imposed on the mix. It also explains why initial conditions can 
affect the final stable state of the mix. 
8.3.4 Compaction Specifications 
Specifications requiring construction compaction to achieve 
98 to 100% of the design density are generally desirable because they 
diminish the possibility of large deformations, severe deformity and 
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oxidation of the binder. These specifications could be relaxed 
however for thin surface courses since these are generally stable 
in regard to deformation and tend to compact quickly under traffic . 
At the other end of the scale, _it is virtually impossible to prevent 
some traffic compaction occurring even if 100% design density is 
achieved during construction. The amount that occurs however will 
be very small for high densities. The reason why some traffic 
compaction will usually occur lies in the slightly different nature 
of the imposed and resisting stresses during construction and during 
trafficking . The mix structure will adjust to its stable state for 
the incident traffic. conditions. The only situation where traffic 
compaction is l ikely to b~ non- existent is where ~he incident 
conditions are much less severe than the "design" conditions. 
8.3.5 Surface Course Thickness 
Layer thicknesses between 2 and 5 times the maximum aggregate 
size will give satisfactory pe_rformance for most Marshall- design mixes 
under New Zealand traffic and pavement temperature conditions. The 
mixes used in the .study for which this applied had stabilities greater 
than 9 kN (2000 lbs) and flows in the vicinity of 26 0. 1mm (10 . 2 
O.Olin). Mixes with a low viscosity binder (e.g. < 1 m2/ s@ 40°c) 
or with above optimum asphalt content tend to become unstable at 
thicknesses in the upper half of the range when being trafficked at 
high temperatures (c. 40°c) . Mixes with a high viscosity binder 
(e.g. > 2 m2/ s@ 40°c) or with below optimum asphalt content tend to 
perform quite satisfactorily in thicknesses at the upper li.mit under 
trafficking at high temperature. 
However thicknesses in the upper half of the range should 
be treated with caution, especially when traffic is heavy, slow-
moving or rigidly channelled and when pavement temperatures are high. 
They should also be compacted to very near laboratory design density 
because even small density changes may be accompanied by significant 
permanent deformations . 
Thin layers with a minimum thickness of twice the maximum 
aggregate size are stable for most common mix designs. Asphalts 
of very low viscosity however should be used with extreme caution, 
cf. 8. 3. 6. 
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Thin layers tend to densify more slowly under traffic 
than thick layers although the difference is slight. Variations 
in thickness cause little variation in density but significant 
variation in permanent deformation in proportion to the thickness 
variation . 
8.3.6 Use of Low Viscosity Binder 
The recent advocacy of very soft thin surface course treat-
ments in New Zealand may be desirable in terms of fatigue design but 
it appears to be unsatisfactory in terms of its own response to traffic 
action. The binder viscosity is so low that during warm weather such 
mixes appear to be_ unstable and imprinting under vehicle tyres has 
been observed, Figure 8.2 ~ As a consequence the surface texture 
becomes smooth and close losing its skid resistant texture. 'Ihe 
layer also loses its effectiveness as a good running surface becomes 
underlying deformities are reflected and some washboarding can occur 
under the action of braking stresses. If such soft mixes are desired 
the maxi.mum aggregate size must be close to half the layer thickness 
in order to achieve some stability under traffic, but even then there 
is a lower limit on binder viscosity. In the final analysis the 
principle function of a pavement is to provide a satisfactory running 
surface. 
8.3.7 Resistance to Deceleration Stresses 
The anisotropic behaviour of the preferentially aligned 
mix structure is desirable under normal traffic but its lower strength 
in the horizontal plane may cause the mix to be unstable against high 
deceleration stresses, e.g. washboarding sometimes occurs near urban 
intersections and bus stops. In other words, a mix suitable for open 
highway use may not be the most suitable for all urban uses. The 
matter was not considered per ·se in this study but a supposition can be 
offered for mixes that must be designed to withstand high horizontal 
stresses. Flaky particles, which give a highly oriented structure, 
should be avoided and cubical or chunky particles, which tend to 
produce a more isotropic structure, should be preferred. The use of 
cubical or chunky shaped particles is therefore to be enco'Ul'aged for 
most urban uses where there is a high incidence of horizontal stresses. 
As an alternative, or in addition, to this the use of a high viscosity 
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binder or a mix with a low 11 flow11 value will improve performance 
under such conditions, provided sufficient cohesion is maintained. 
8.3.8 Theoretical Representation 
The dynamic response of asphalt concrete to a moving wheel 
load is characterised by the viscoelastic behaviour of the binder and 
the dimensional effects of the solid aggregate particles confined in 
a layer. Elastic theory is co~pletely inadeqµate for predicting the 
response of this material in the surface course although this does not 
deny its value for study of the whole pavement structure. 
8 .3.9 Anomalies in Published Data 
Other published studies of traffic compaction have described 
some surprising anomalies. These included a decrease in density 
over one period of trafficking and an observation of a greater density 
increase between the wheelpaths than in them. The suggestion that 
thermal cycling was the cause of the latter had the support of some 
laboratory evidence but no support from field evidence. A density 
increase between the wheelpaths can then only be attributable to the 
passage of some wheel loads in that area. A decrease in density, if 
it is accompanied_ by some distortion of the pavement, may be due to 
upthrust. Otherwise it seems unlikely to be anything other than a 
sampling error detecting inherent density variations in the material. 
8.3 . 10 Practice 
The study has shown that high stability mixes commonly used 
in New Zealand do undergo compaction by normal highway traffic . 
Subject to the foregoing considerations asphalt concrete mixes 
designed to current National Roads Board specifications, and used in 
the study, performed satisfactorily, 
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SUGG&5TIONS FOR FUTURE RESEARCH 
A number of areas for .future research are suggested: 
(i) The influence of aggregate shape and gradation on 
compaction and deformation properties of asphalt 
concrete. 
(ii) Investigation to find an absolute property that i s 
definitive of "stable state" for any incident 
conditions. Li.near viscoelastic theory holds some 
pr omise in this respect. 
(iii) Furtherance of the particle orientation analysis to 
increase the knowledge of the mechanism of deformat ion 
and compacti on . Ot her methods such as speci al x- r ay 
techniques may be more useful than that presented in 
this thesis . 
(iv) A pavement temperature survey in New Zealand would 
have value in providing reliable data fo r t he range 
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GLOSSARY OF SPECIAL TERMS 
Air Voids Unit (a.v.u.): equivalent to 1% air voids content by 
volume. 
Apparent Dynamic Modulus (A.D.M.): The ratio of tyre contact pressure 
to peak vertical compressive average strain (MN/m2), cf. section 
7,2.2, p.177, 
Average Strain: The average deformation per unit length in a non-
homogeneous mixture. 
Bearing Capacity: A function relating Marshall stability and flow 
values to load- bearing characteristics, cf. section 2.3,2, 
p.29; defined by Metcalf53 . 
Compaction: A system of imposed stresses that causes densification 
and restructuring of a material; frequently causing a greater 
increase in strength than in density of the material, cf. 
section 1.2 , 1, p,3, 
Densification: An increase in the mass per unit volume of a material 
with essentially no restructuring. 
Normalised Strain: The ratio of strain to applied contact pressure, 
cf. section 7 ,2,2 , p,175; defined by Brown and Pe11 83 . 
Squareness Function: A term defined to indicate the atta1runent of stable 
state conditions as a function of traffic distr1bution across the 
path of the Pavement Testing Vehicle, cf. section 6 .1.2, p.101. 
Stable State Conditions: The material conditions dt which asphalt concrete 
resists all further compaction by traffic at load and temperature 
conditions less than or equal to the Testing Conditions being 
considered, cf. section 5,1,1, p.69, 
Stage: A stage during trafficking on the Track representing one 
particular combination of tyre contact pressure and surface 
course t~mperature, i.e. one Testing Condition, cf. section 5,4,3, 
p.8 5. 
Testing Condition: see "Stage". 
